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PREFACE. 



This attempt at a connected account of the General 
Physiology of Muscles and Nerves is, as far as I know, 
the first of its kind. The necessary data for this 
branch of science have been gained only within the 
last thirty years, and even now many of the facts are 
uncertain and have been insufficiently studied. Under 
these circumstances it might well be asked if the time 
has yet come for such an account as this. But any- 
one who endeavours to gain an idea of this branch of 
knowledge from the existing text-books of Physiology 
will probably labour in vain. Moreover, the subject 
is one which has many points of interest not only for 
the specialist, but also for the physicist, for the psy- 
chologist, and indeed for every cultivated man ; and as 
regards the gaps in our knowledge, they are scarcely 
greater than those in any other branch of the science 
of life. 

There being no previous writers on the same sub- 
ject, I have been obliged to d:pend entirely on myself 
in the matter of the arrangement, in the selection 
of important points and the rejection of those of less 
importance, and as to the form in which the subject 



is prest'iited. From tho exporicuce gaiDL-J by teach- 
ing during more than fifteen years, I believe that I 
have acquired sufficient clearness of espression, even in 
treating of more difficult matters, to be intelligible 
when studied carefully even by those who are not 
specialists. In certain cases it has been impossible to 
avoid somewhat long explanations of physical and, 
especially, of electric phenomena. But these have 
been confined to the narrowest possible limits, and I 
must refer those who require further details to my 
Elektricitdlslekra filr Mediciner (Berlin, Hirschwald). 
It has also been unavoidable in giving an account of 
one branch of Physiology to indicate the connection 
with other branches, though it has been impossible to 
ent«r into the details of these. To those who feel 
inclined to follow these matters further, I recommend 
the study of Huxley's 'Elementary Physiology.' Cer- 
tain details, which would have detained the course of 
the text too long, I have relegated to the Notes and 
Additions at the end of the took. 

In accordance with the title of the book, I have 
omitted too scientific proofs, references, &c. The 
names of men of science to whom the discovery of the 
facts is due have only been occasionally introduced. 
In this matter no fixed rule has been followed, but it 
did not seem right to omit occasional mention of the 
names of the chief founders of this branch o£ know- 
ledge — Ed. Weber, E. du Bois-Eeymond, and H. Helm- 
holtz. 

Eilinobn: Aiiri! 15,1877, 
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CHAPTEE I. 

I. Introduction : — Movement and sensation as animal charac- 
teristics; 2. Movement in plants; 3. Molecular movements; 
4. Simplicity of the lowest organisms ; 5. Protoplasmic and 
amoeboid movements ; 6. Elementary organisms, and the gradual 
differentiation of the tissues ; 7. Ciliary movement. 

1. The student who has elected to study the pheno- 
mena of life probably meets with no more attractive, and 
at the same time no harder task than that of explaining 
motion and sensation. It is especially in these pheno- 
mena that the distinction lies between animate and 
inanimate objects, between animals and plants. It is 
true that movements can be detected even in inanimate 
objects, and, indeed, according to the modem conception, 
all natural phenomena depend on motion, either on that 
of entire masses, or on that of the smallest particles 
of the masses. But the movements of animals are 
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of a diflferent kind. The contraction of a polyp when 
touched and the voluntary movement of the human 
arm are phenomena of a peculiar kind, and result from 
circumstances quite other than those which cause the 
fall of a stone or the attraction and repulsion exercised 
between magnetic or electric masses. Moreover, sensa- 
tion, such as we are conscious of in ourselves, and of the 
existence of which in other men and in animals we learn 
either from the statements or from the conduct of those 
others, seems to be entirely imrepresented in inanimate 
nature ; it even appears doubtful if it occurs in plants. 
Upon this task, hard as it is, physiological research has 
thrown much light; it is the knowledge which has thus 
already been gained which will form the subject of the 
following explanations. 

2. Although even in plants movements occur similar 
to those observable in animals, yet there seems to be an 
essential difference between the two. For instance, in 
most animals we find that special organs are formed to 
serve principally for movement. Such are the muscles, 
which form what is ordinarily called flesh. Organs 
of this sort have never yet been seen in plants. But 
not all the movements of the animal body are accom- 
plished by the muscles, and some forms of motion occur 
in exactly the same way in the plant as in the animal 
organism. 

These movements are most evident, and are most 
easily explained in the sensitive plant {Mimosa pudicd). 
The stem and branches of the sensitive plant bear leaf- 
stalks, each of which again bears secondary leaf-stalks, 
to which latter the individual leaflets are attached. If 
the plant is shaken, the leaf-stalks suddenly bend and 
sink, the upper surfaces of the two halves of each leaflet 
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meeting together as do the two halves of a sheet of 
paper whea folded. This movement may be excited in 
any individual stalk, most easily by touching or softly 
rubbing the under surfaee of that part of it which is 
immediately attached to the branch. At this point the 
leaf-stalk is attached to the branch by a lump-like thick- 
ening or node. Similar nodes occur at the bases both of 
the secondary leaf-stalks and of the leaflets. If one of 
I these nodes is cut through, a bundle of fibres is observ- 
3 in the centre, round which there is a layer of cellh. 
r very full of sap, the walls of which are thicker on the 
I upper, thinner on the lower side. Between the cells 
I are spaces filled with air. Now, it can be shown that 
I the bending movement is due to the fact that part of 
I the fluid matter pusses out of the cells into the inter- 
I mediate spaces, so that the cellular tissue becomes weaker 
\ and less able to support the stalk. 

Motion of this sort is, however, very different from 

I the motLou peculiar to animals, in that in the latter, 

I as we shall presently see, it serves to counteract the 

I pressure of opposed weights ; while in the Mimosa the 

I pressure of the leaf-stalk is downward when the under 

I side of the node becomes slack. Before, however, we 

^examine minutely the motion peculiar to animals, men- 

l;tion must be made of certain other phenomena of 

I motion which occur partly in the vegetable, partly in 

i the animal world,' hut which ean scarcely be observed 

I without the aid of the microscope, as the efficient forces 

Kn these cases are too slight to produce perceptible 

ovements of the larger parts of the mass. 

3. Among these forms of motion we do not include 

ie ao-ealled ■molecular, or Brownian TnovBwenta, to 

l^hich the celebrated English botanist Brown first called 
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attention. If portiuns of vegetable or animal bodteal 
are observed under Uigh magnifying powers, BmaUl 
granules or similar bodioa are seen to be engaged i 
peculiar tremulous motion. Whence does this arise ?^ 
That it is not a \"ital phenomenon is sufficiently shown 
by the fact that perfectly inanimate bodies, for instance, 
the carbon particles of finely rubbed Indian ink, exhibit 
the same movement. The effect is, in fact, due merely i 
to currents in the fluid, by which the light partidesB 
suspended in the fluid are carried away. Such currenta'! 
are easily engendered in any fiuid, sometimes, in con-fl 
sequence of uneven temperature, sometimes in conee-l 
quence of evaporation, sometimes, also, as the result o^^ 
the unavoidable shaking of the microscope. Weak a 
these currents may be, the disturbance caused by tbemil 
when seen under strong microscopic power, seems coi 
siderable, and is often hardly distinguishable from thm 
movements which are caused by the vital activities a 
the particles. Sometimes this molecular motion n 
be detected within parts of living bodies; in which c 
small granules swim about in a clear fluid within larg^ 
or smaller cavities in these parts of living bodie. 

4. If a drop of pond water is placed under theS^ 
microscope, many living objects, some of which shootf 
quickly about in all directions, are usually discernibl 
in the water. Side by side with these occur c 
oblong, or rod-shaped bodies, moving 'tremulously abooM 
with greater or less rapidity. It is often hard toj 
distinguish whether the motion seen in these latter iw 
independent or molecular. It must be observed wUlj^raV 
of these bodies two contiguous individuals always ] 
along in the same direction, or whether their move- A 
ments appear independent of each other. In the latter ( 
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I case it is impossible to suppose that they are only hur- 
( ried along by currents, and it is safe to conclude that 
a. these simplest organisms are gifted with the 
\ power of independent motion. Of the nature of this 
I power nothing is very certainly known. The organisms 
I of which we are speaking belong to the lowest rank of 
I the organic world. They are living beings, for they 
I move, they grow, and thoy multiply ; they can be 
I killed, for inst*mce, by boiling water, and their inde- 
pendent motion then ceases. Tliia is nearly all that is 
known of them. Next to them rank organisms which 
J somewhat more complex in structure. They are 
I small lumps of semi-fluid, granular matter, which is 
I called "protoplasm^ This semi-fluid condition — inter- 
I mediate between a liquid and a solid state — is charac- 
I teristic of all organic matter. It is due to the ahsorp- 
I tion of water into the pores of a Bolid mass, which in 
I consequence swells and undergoes an intimate mixture 
I with the water, and in which the molecules can then 
I change their positions in the same way, though perhaps 
I not quite bo easily, as otherwise is possible only in liquids. 
I A thin jelly-like clay would afford the best represenfa- 
\ tion of this condition of aggregation of protoplasm. 
[ A small lump of protoplasm of this sort may in itself 
L represent an independent Hving being, exhibiting vital 
I phenomena of such a kind that it is impossible to refuse 
I to call it an 'animal.' It moves by its own force, and, 
las it would seem, voluntarily ; it iinbibea matter for its 
I own nutrition from the surrounding Uquid ; it grows, it 
ImultipUes its kind, and it dies. The most evident mo- 

' Somclimca, bi\t not always, inaddil.ioD to these Qdc giabulea, a 
Isffger, bladder-like body, called ihe kernel or nucleus, is seen wiibia 
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tion in this case occurs in two ways. Sometimps single 
processes are seen to protrude from the whole mass; 
these processes gradually affect the whole granular 
mass, so that the whole body is displaced, and a genuine 
change of position happens to the animal ; or the pro- 
cesses being again retraced, other similar processes are 
protruded from anotherpart of the body, in such a way 
that the direction of motion is changed ; in short, the 
animal creeps about on the glass plate on which it is ob- 
served by means of these processes. Mean while. currents 
of granules can be seen within the mass ; closer obser- 
vation, however, shows that the motion in this case is 
only passive, and that it is the result of a continuous 
wave-like disphiceinent of the protoplasm. 




5. Jloveincnts entirely similar to those in these 
independent living animals, called Amcebcu, occur in 
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more highly organised beings, vegetable as well as ani- 
mal. All living beings are fundamentally composed of 
just such lumps of protoplasm as we see in the Amwbce, 
Most of these lumps of protoplasm have, however, 
essentially changed their appearance, and, at the same 
time, their qualities, so that it is only from the evolu- 
tion of the parts that we know them to have originated 
from such lumps. Moreover, even in developed organ- 
isms separate parts always occur which are in all re- 
spects similar to such lumps of protoplasm as the 
Amoebce, and which move like the latter. It is a well- 
known fact, that when a drop of blood is placed under 




Fig. 2. White blood-corpuscles from a guinea-pig. 

a, 6, c. Various forms assumed by one and the same corpuscle. 

the microscope, a very large number of small red bodies, 
to which the red colour of the blood is due, are seen 
within it. And scattered about among these red blood- 
corpuscles are seen colourless or white blood-corpuscles, 
round or jagged in form, and containing granular pro- 
toplasm with a kernel or nucleus. If the blood has 
been placed on a warmed glass, and if it is observed 
at a temperature of from 35 to 40 degrees C, these 
blood-corpuscles exhibit active moA^ements. entirely 
similar to those of the AntcebcB, and which have, there- 
fore, been called Aracehoid niovementa. The corpuscles 
send out processes and again retract them ; they creep 
about on the glass ; and, in short, they behave exactly 
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like Amcebw, and like the latter they even absorb matteryl 
Biich as granules of any colouring substance which may 1 
have been added, from the blood-fluid — they eat, that n 
is — and after a time they again reject this matter. ■ 
Moreover, the other form of motion described a 
the protoplasmic movements or granule currents, may 
also be seen in parts of compound organisms. If the 
tiny hairs of the stinging nettle are placed under tha 
microscope, it appears that each hair consists of a closed 
sac or pouch, over the inner surface of which prott^lasm 
is spread in a thin layer. Even this represents a much 
moreadvanced modification of theprotophismie mass, but 
yet the protoplasm still retains its power of indepen- , 
dent motion. Wave-Hke movements are seen to paa 
over the mass of the protoplasm, and by this, just as i 
the ATncchcE, a current is apparently produced among* J 
the granules. For a time the movement continues ■ 
in one direction j then it suddenly ceases and begins J 
again in an opposite direction ; sometimes one cix- , 
rent separates itself into two, othprs unite, and so on. 
If the protoplasm dies — and this may be artificiaUy I 
caused by the application of heat — all motion ceases. 1 
It ia inseparably bound up with the vital powers of the.l 
cells. 

6. The free protoplasmic mass, as seen in ttt^ 
Anvnha, is one of the simplest of organic forms. Siu^a 
masses sometimes occur in groups, which thus repro-l 
sent colonies of organisms, each of the components.'! 
of which, however, retains complete independence, i 
and is exactly like every other. Sometimes, however, 
modification takes place amongst these ; and when ] 
these modifications advance at an unequal rate in J 
the separate membera of the colony, a composite or- \ 
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ganism with variously formed parts is the result. Each 
part is originally a completely independent organism of 
equal value with all the others, and each has, therefore, 
been very aptly called an elementary organisTn, But 
together with the modification in the form, a change 
usually takes place in the qualities. Of the various 
qualities possessed by the protoplasm in its original 
form, some are lost, others are especially developed. 
A colony of uniform elementary organisms may bt 
likened to a society in, the lowest stage of civihsation, 

II which each member still personally performs all the 
tasks necessary to life ; but a composite organism, with 
variously developed and modified elementary orgimisms, 
may be likened to a modem state of which the various 
members perform very different tasks. The more highly 
developed plants and animals are of this sort. They 
originate from a number of elementary organisms — or 
cells, as they are also called— originally uniform; but 
these develop in very different ways - differentiate, as 

i technically said, and then acquire very different ap- 
pearance and purpose. In some the power of causing 
motion, which is originally common to all protoplasm, 
is especially developed ; others effect sensation, which 
power was possibly or probably present even in the 
simple protoplasm. These will be fully discussed in the 
following chapters. But before doing this, a few words 
must be said as to one form of these modified cells, in 
which the power of generating motion is already de- 
veloped in a very noticeable degree, and serves partly 
for the independent movement of the cell-body, or of 
the animal of which the cell is a part; partly, wlien 
occurring in fixed bodies, to move foreign matter ^ — that 
is, for the drawing in of food. 
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7. If a light powder — siu-b, for instance, »s find 
powdered charcoal — ia spread over the skin 
palate of a living or a recently killed frog, thp powder] 
is seen to advance with some speed towards the gTiIietJT 
Microscopic examination shows that this skin is attidded 
with a dense layer of cylindrical cells standing, palisade- 
like, side by side. The free surfHce of each of these 
cells is studded with a large number of delicate hiuisj 




or cilije, which are in continual motion in a defii 
direction m such a way thit they propel all such liqui 
together with the particles contained in this, as adhei^ 
to their upper surface in that direction. This is c 
ciliary motion. It occurs very frequently intheajum 
body, e.g. in the windpipe and its branches, where t 
motion is upward, serving to propel the phlegm to i 
larynx, from which it can be thrown out by coughiii||'^j 
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lu many fixed animals of low order a erown of cilia; 
encircles the mouth -opening, producing a current 
which brings water, together with particles floating in 
the iutter, to the animal as food. Other aquatic ani- 
mals have the whole or a part of their upper surface 
studded with cilise, by means of which they rotate in 
the water. Finally, there are bodies which, instead of 
the dehcate ciliate haire, possess only a larger and 
stronger whip-like process by the sinuous motions of 
which these animuls move themselvea about in the 
water, as a boat may be moved by the quick motion of 
the rudder, or as a water-newt propels itself by the 
sinuous motion of it^ tail. 

None of these motions are, however, equal in force 
and effectiveness to those which are produced by muscles. 
In higher animals, muscles occur in two forms, — either 
as smooth muacle-fibres, or as striated muscle-fibres. The 
former are spindle-shaped cells which have grown out 
in a longitudinal direction, and which have rod-shaped 
kernels (nuclei) and pointed ends, sometimes twisted 
hke a corkscrew. The latter are produced by the coa- 
lescence and amalgamation of several cells, the contents 
of which have undergone an important change. These, 
and the qualities of these, will be fully discussed in 
the following chapters. 
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CHAPTER n. 

I. Mmoles, llieir form and elracture ; 2. Minute stmctnrd of 
■tristcd miucle -fibres ; 3. CotinectioQ of musclea aod bones j 
i. Bonta aud bone-aockela ; G. The law ot elasticity; 6. Elas- 
ticily of the musclea. 

1. MuscIbs are elastic structures capable of altering 
their form — that is, of becoming sliorter and thicker. 
In the hofiiea of the more highly developed animals 
they constitute those masses which are commonly called 
flesh. The flesh, when carefully studied, is found to 
coDsiflt of bundles of fibres, the ends of which are pro- 
duced into white cords, most of which are attached to 
bones. When one of these muscles shorteiis, it exerts 
a strain, by means of these white cords, on the bones ; 
and these latter, being movable the one against the 
other, are thus put in motion by the shortening of the 
muscle. All muscles are not, however, arranged in this 
way; some ring-shaped musclea form the walls of sacs 
or pouches, and these, by contracting, decrease the 
space within these cavities, so that the contents of the 
latter are thus forced onward. In any case, muscles 
always serve to produce movement — either of the limba 
in opposition to each other, or of the whole animal, or 
of the substances contained within the cavities. 

We must first confine our attention to those muscles 
which are attached to bones, and which are therefore 
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called skeleton muscles. These muscles occur in various 
forma, Sometimes they are flat, thin Ijands, and some- 
times cylindrical cords, some of which are of considerable 
length. Others again are thicker in the middle than at 
the ends ; in these cases the middle is called the trunk, 
the ends are apokenofasthe head and tail, of the muscle. 
Some muscles have two or more heads — that is, two or 
more ends — springing from different, points on the bone, 



and uniting in a common trunk. But these muscles, 
whatever their external shape, always consist of several 
fibres, united into a bundle, and together forming the 
muscle as a whole. One of these fibres, when isolated, 
will be foimd to be very minute, aud scarcely visible to 
the naki?d eye ; when seen, enlarged from 250 to 300 
times, under the microscope, it appears as a pouch, 
consisting of a firm, solid wall, with certain contents ; 
and this contained matter exhibits alternate lighter and 
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darker streaka, placed at right angles to the longitudinal 
direction of the fibres. For this reason, these muscle- 
fibres are called streaked or atnated muscles, in order 
to distinguttih them from certain others of which we 
shall presentiy learn. In order to obtain an approxi- 
mate idea of the appearance of one of these fibres, we 
may imagine it as a roll of coins, the separat-e pieces of 
which are, however, transparent and alternately lighter 
and darker. Some observers have indeed assumed that 
a muscle-fibre really consists of discs of this sort, ranged 
side by side. The fibres, when treated with certain 
chemical re-agents, separate into these discs, and while 
'some of them yet remain attached to each other, the 
fibre very closely reaemblca a roll of coins the pieces of 
which are falling away from each other. But there are 
other re-agents which split up the fibre in a longitudinal 
direction, so that it separates into extremely delicate 
smaller _^trea orJibrillcE each of which still exhibits the 
alternation of tighter and darker parts, which, in the 
entire fibre, produce the transverse etriation. More- 
over it can bi? shown that a muscle-fibre when recently 
taken from the living animal must, in reality, be of a 
flaid, or, at least, of a semi-fluid nature. So that it is 
impossible to affirm that either the discoid or the fibril- 
loid structuro actually exist in the muscle-fibre itself; 
it must rather be assumed that both forms of structure 
are really the result of the application of re-agents 
which solidify the originally fluid mass and split it up 
iu a longitutlinal or transverse direction. 

2. It is hard to say what the true character of the 
frosh, or, aa we may also call it, the living muscle-fibre 
really ia. Eeccnt observations by means of very much 
iiiiprovtMl and very highly-iriagnifying microscopes, hare 
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brouglit to ligiit other differences besides that of the 
mere alternation of lighter and darker streaks. Of 
the highest importance as explaining the structure of 
muscle-fibres are the researcliBs of E. von Briicke into 
the phenomena exhibited by muscle-fibres in polarised 
light. According to modem physical views, light de- 
pends on the vibrations of ether, an impalpable matter 
spread throughout the universe and present in all bo- 
dies. These vibrations always proceed at right angles 
to the direction in which motion is propagated. Witji- 
iu this imaginary plane at right angles to the ray of 
light, an ether particle may vibrate in the most diverse 
directions, Under certain circumstances, however, they 
all vibrate in one and the same plane, in which case 
the ray exhibits certain peculiarities, and is said to he 
polarised.' Certain crystals have the power of polaris- 
ing such rays of light as pass through tliem. A few, 
at the same time, separate each ray of light into two 
rays which move separately from the original ray. 
Such crystals are called double-refracting bodies, Ice- 
land spar or, as it is also called, double spar, is the bcst^ 
known example of such a double-refracting body. 
Briicke has shown that of the two substances whiiih 
form the alternate layers of striated muscle, the one 
transmits light unchanged, the other is possessed of 
double-refracting powers. But, as has already been 
said, the contents of a living muscle-fibre must be re- 
garded not as solid but rather as fluid, or at least as 
semi-fluid J and observations made on living muscle- 
fibres show that the streaks are not incapable of modi- 
fication in their breadth and in their distance from 

' This circumstance is treated in more lietail in Lommel'a T/w 
A'atwv vf Light (International ScieJitilic Seriea, Vol. XVIIl.) 
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each other. Briicke, therefore, suppoees that the muscle 
Bubatance is in itself homogeneous or uniform, but that 
in it are inserted small particles which are of double- 
refracting power. When these particles are massed in 
large numbers, and are regularly arranged, they refract 
the light doubly, so that the whole of that particular 
part seems to refract doufcly, while the intermediate 
parts, since they contain few or none of the particles 
in question, continue to refract simply. These latter 
parts, however, when seen under ordinary unpolaiised 
light, so that it is impossible to judge of their powers - 
of double refraction, appear lighter, while the former 
appear darker ; and so together they cause the striated 
appearance of the muscle. 

3. In one of these muscle-fibres it is nucessary to 
distinguish the contained matter and the containing 
pouch. The latter is called the muscle-fibre ponch, or 
earcolemTiltt. -In it, especially after the addition of 
acetic acid, which causes the whole fibre to swell pjid 
become more transparent, a number of lougish pointed 
kernels (nudei) are seen, and similar kernels occur also 
in parts within the muscle-fibre. To the ends of the 
muscle-fibre, which are rounded and are very uniformly 
enclosed by the pouch, wtich must therefore fee re- 
garded as a long closed sac, the white cords mentioned 
above attach themselves, and these are completely 
coalescent with the Harcolemma. 

They consist of strong slender threads of the nature 
of the so-called connective tissue. As a considerable 
number of muscle-fibres constitute the tnmk of the 
muscle, these threads also unite into cords which are 
called the muscle-tendons. They are sometimes short, 
sometimes long, thicker or thinner according to the 
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size of the muscle, and they serve to attach the muscles 
firmly to the bones, to which, acting like ropea, they 
transmit the tension of the muscles. One of the two 



i attached is usually less 



bones to which a muscle 
mobile than the other, so that 
when the muscle shortens, 
the latter is drawn down 
against the former. In such 
a case the point of attach- 
ment of the muscle to the 
less mobile bone is called its 
origin, while the point to 
which it is fixed on the more 
mobile bone is called its at- 
tachment {ejoipkysiB). For 
instance, there is a muscle 
which, originating from the 
shoulder-blade and collar- 
bone, is attached to the 
upper arm-bone ; when this 
muscle is shortened, the arm 
is raised from its perpen- 
dicular pendant position in- 
to a horizontal position, A 
muscle if not always es- Zvxs. 
tended between two con- „_a. xtio t™ in^nis. >■• ti^p mm- 
tiguous bones. Occasionally "l^'^K^bcaiiuthebgci-iKnc.^ 
passing over one bone, it at- 
taches itself to the next. This is the case with several 
muscles which, originating from the pelvic bone, pass 
across the upper thigh-bone, and attach themselves to 
the lower thigh-bone. In such cases the muscle is 
capable of two different movements: it can either 
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Btretcb the knee, previously bent, so thftt the upper 
and the lower thigh-bones are in a stmight line j or it 
mn raise the whole extended leg yet higher and bring 
it nearer to the pelvis. But the points of origin and 
of attachment of muscles may exchange offices. When 
both legs stand firmly on the ground, the above-men- 
tioned muscles are unable to raise the thigh ; instead, 
on shortening, they draw down the pelvis, which now 
presents the more mobile point, and thus bend forward 
the whole upper part of the body. In order, therefore, 
to understand the action of the skeleton, the separate 
bonea of the skeleton and their connection must first be 
studied. 

4. All bones are classified according as they are 
flat, short, or long. Flat bones, as their name indicates, 
are expanded chiefly in two directions ; they form thin 
plates. Short bonea are expanded almost equally and 
but slightly in all three directions. In long bones, 
finally, the expansion in the longitudinal direction con- 
siderably exceeds that in the other two directions. The 
extremities, the arms and legs, are chiefly formed of 
these long bones. The arm, for instance, consists of 
the long bone of the upper arm, to which are attached, 
first, two other long bones (called the elbow bone and 
the radius), which together form the fore-arm; and 
secondly, by means of several shorter bones, wliich con- 
stitute the wrist, the hand itself; this latter consists of 
the five bones of the palm and the five fingers, of which 
the first has two, the others each have three divisions. 
In all these bones, with the exception of those of the 
wrist, a Img middle, part, or shaft, with two thickened 
ends, are noticeable. As this shaft is hollow, these 
bones are also spoken of as cylindrical. The expanded 
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[ cuds are rounded and are provided with a stnixiUi car- 
I tilaginous covering. The smooth ends of two contiguous 
J bones fit into each othtjr, bo that when the surfaces of 
I the two ends glide the one over the other, the two 
)nes are capable of motion 
opposite directions. The 
I point of attachment between 
I two bones is called the socket ; 
Band the surfaces of the two 
lends of the bones where they 
f touch each other are called the 
I socket surfaces. The motion 
r which these bones have the 
I power of exercising in opposite 

■ directions varies with the form 
Jof these socket siu^iices. When 

: surface of the socket is of 
Jfiemi-spherical form, the motion 
■Ib most free, and can be exert- 

■ ed backward or forward iu any 
■direction. The socket in this 

is called a ball- or nut- 
Jocket. An example of this sort, 
lay be seen at the upper end 
fcf the bone of the upper arm, Fic5. g. The uones ok thk 
where it ends in a ball-shaped ■*""' 

feurface which is applied to a "' m^^^' b^^Im^' t-i'. 
corresponding socket surface in 5fir«c™rirf"ti'i "eitaw!"'™ " 
jhe shoulder blade. In other 

Bases motion can only take place in a definite direc- 
i, for instance, in the case of the socket eon- 
BBcting the upper and fore arms. These are called 
binge-sockets. They serve to increase or decrease the 
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angle between tLe two parts. To mention all the J 
variouH forms of sockets and the movements which they I 
allow would leiid ua too farj it is sufficient to have I 
shown that the action of the musdes is affected by the \ 
bones between which they are extended. In order, how- 1 
ever, to examine the contractile power of muscles, the 
latter may be detached from the bones and examined 
by themselves. 

The muscles of warm-blooded animals are but ill- 
ndapted for this purpose j fortunately, however, those of 1 
cold-blooded animals not only possess the samequalities, f 
but retain the power of contraction long after their re- I 
moval from the animal, a circumstance which renders i 
them very valuable for purposes of study. The frog is I 
most frequently used in such experiments, both on i 
account of its common occurrence and of the power of I 
its muscloB. If a frog is beheaded and an entire muscle J 
is cut from either its upper or lower thigh, one of the J 
tendons of this muscle may be lixed in a vice, . 
its other tendon may be connected with a lever, re- | 
presenting as it were the bone, by the motion of which I 
the contraction of the muscle may be studied.' Weights 1 
may also be attached to this lever in such a way that f 
the burden which the muscle is capable of lifting may 1 
be studied. It will at once be observed t hat the muscle { 
is extended when such weights are attached, and i 
extended more in proportion as the weight attached I 
is heavier. This results from the clastic ipialities of I 
muscle; and before examining the contraction of muscles J 
it will be necessary carefully to study theu- elasticity. 

' In onler to fasten tlie mnscte more secure!;, it is genernUj" I 
well to Intve a small piece of the bone »t eitliet enii altoohed to 
d lo Easleu the miisole by these. 
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5, Those bodies which alter their form tinder the 
influence of external forces, and resume their original 
form on the cessation of those external forces, are called 
elastic. The greater these alterations are, the greater 
is the elasticity of the body. The external force pro- 
ducing the alterations may be either tension, extending 
tlie body in one particular direction ; or it may be pres- 
sure, compressing tlie body into a smaller space ; or, 
again, it may be tension combined with pressure, bend- 
ing the body. We are only concerned with the force 
of tension, which acting on the body in a longitudinal 
direction extends it ; that is to say, we are about to 
study the elasticity of muscle tension. PhyaicistB 
have experimented on elastic tension in bodies of the 
most diverse kinds. But bodies of regular shape, rods 
or threads, the length of which considerably exceeds 
the thickness, are best adapted for such experiments. 

On firmly fiistening a body of this kind, for instance 
a steel wire or a glass thread, tfl a beam in the ceiling, 
and, after accurately moiisuring its length, attaching 
weights to the lower end, it will be found that the ex- 
tension caused by these weights is greater in the first 
place in proportion as the weights causing the extension 
are greater, and in the second place in proportion as the 
body which is extended is longer. And, on the con- 
trary, with any given weight and length, the extension 
will be found to be less in proportion as the body ia 
thicker, or, in other words, the larger is its cross-section. 
This latter circumstance may be easily understood by 
assiuning that the rod or thread consists of a number 
of smaller rodlets or tiny threads which lie eveidy side by 
side. If, for instance, we select for this experiment a 
steel rod, the cross-section of which measures exactly 
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one sqtiare centimetre, we may assume that this cou- 
sists of a hundred ralleta of equal length, lying side by 
aide, the cross-section of each of which meaaurea ex- 
actly one square millimetre. On attaching a weight of 
one kilogramme (=1000 gr.) to this rod, each one of the 
hjindred thin rodlets would have to bear a weight of I 
hut ten grammes. Comparing with this the tension o 
another steel rod of the same length, but of which the ] 
cross-section measures twice as much, we may asst 
that this second rod is composed of two hundred minute i 
rodleta, the cross-section of each of which measures one 
millimetre- The weight being now distributed between 
two hundred of these rodlets, each has to support & 
weight of only five grammes. This explains why the 1 
tension by the same weight is only half as great in a 
rod of double thickness. That the extension is pro- 
portionate to the length of the extended rod can be 
explained in the following way. According to the views 
of modem physicists every body consists of a. number 
of small molecules or particles which are held at definite I 
distances from each other by attractive and repulsive ' 
forces. On fastening a rod by its upper end and at- 
taching a weight to its lower end, the molecules are 
by these means slightly separated from each other. 
The snm of all these small separations represents that 
whole extension measurable at the end. The longer \ 
any given body is, the greater is the number of th 
small particles which occur in its whole length, and I 
consequently the greater must its extension be, pro- 
vided all other circumstances are equal, 

From these observations may be deduced a law 
to elastic tension, which is further confirmed by accurate j 
researches, and this law is that the tonfion is directly ( 
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■proporlioitate to the length of the body extended, and 
to the aTTiount of the extending weights ; aiid that it 
ia also pToportimuite in inveree ratio to the diameter 
of the extended body. This ia called the law of elas- 
ticity, of Hook and S'Gravesande. In order, however, 
to find the tension of a particulur body, another factor 
connected with the nature of the body itself must be 
known ; for, under otherwise equal conditions, the ten- 
sion, for instance, of steel, as found by actual experiment, 
differs from that of glass, and that of the latter from 
that of lead, and so on. In order, therefore, to be able 
to calculate the tension in the case of all bodies, the 
tension, experimentally fouud, must be reduced to the 
units of length and diameter of the weighted bodies, 
and to units of the weight applied. This gives a figure 
which expresses the tension of a body of a given nature 
of one millimetre in length, and with a cross-section 
measuring one stpiare centimetre when supporting a 
weight of one kilogramme. This result, which ia con- 
stant in the case of every substance, whether it be steel, 
glass, or aught else, ia the co-effioient of daaticlty of 
that substance. 

6. Similar researches have been made in the case 
of organic bodies also, such as caoutchouc, silk, muscle, 
&c., and iu so doing certain peculiarities have been 
observed which are of course of great importance to us. 
In the first place, all these bodiea^ — which we may also 
call Boft, to distinguish them from those rigid bodies of 
which, up to the present, we have been speaking — ex- 
hibit a much greater extensibility. That is to say, soft, 
organic bodies are capable of far greater extension than 
are rigid, inorganic bodies of equal length and diameter, 
and under the application of equal weight. But the 
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fonoer also exhibit another pectiliarity. If a weight ii 
attached to a steel wire, or aome other ainular body, 
the latter extends, and retains its new length so long 
as the weight aet-a upon it ; but as soon as the weight 
is removed the steel resumes its original length. It is 
not so in the case of inorganic bodies. For instance, 
if a weight is attached to a caoutehouc thread it will be 
found that the latter is immediately extended to a 
certain length ; but if the weight is not removed, it 
will be found that the caoutchouc thread extends yet 
more, and the weight continuea to sink, (hough, indeed, 
but slowly, and, as time goes on, with ever decreasing 
speed. But even at the end of twenty-four hours a 
slight additional extension of the thread is observable. 
If the weight is then removed, the thread immediately 
becomes considerably shorter, but does not entirely re- 
vert to its original length; it attains the latter very 
gradually and in the course of many hours. This phe- 
nomenon is known as the giud'Mil extension of organic 
bodies. It takes place in very considerable degree in 
muscle, and naturally increases the difficulty of deter- 
mining the extensibility of muscles, in that the mea- 
surements differ according to the moment at which they 
are read. It is safest to take into consideration only 
that extension which occurs instantaneously, without 
regard to that which gradually follows. 

Various apparatus have been produced for examina- 
tion of muscular extension. The latter can be most 
accurately read by means of the apparatus invented by 
da Bois-Reymond, represented in fig. 7. The muscle 
is firmly fastened to a fixed bearer, its upper tendon 
being fixed in a vice. A small, finely graduated rod ii j 
1 to the lower tendon by means of a ^mall hook..! 
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I Below the griiduationa the rod branches into two 
l-arms, which again re-unite at a lower point, and within 
J.the space thus formed a Bcale- 
Lplate is fixed for the reception 
I of_the weights which it is de- 
BBired to apply. Knally the rod 
lends in two vertical plates of 
I thin talc standing at right 
I angles to each other, and these 
I are immersed in a vessel filled 
I with oil, so that, while offering 
WHO ohatacle to the upward and 
li downward motion of the ap- 
I paratus, they prevent any lateral 
f movement. In order to deter- 
.e the extension of the muscle, 
■ the graduated rod attached to 
l-it must be observed through a 
I lens, and it must be noted which 
I divisional line of the graduated 
trod corresponds with a thread 
futretehed horizontally across the 
Jlens ; weights must then be ap- 
Eplied, and the increase in length, 
1 Vhich declares itself by an alter- 
l.ation in the relative position 
I of the graduated rod and the 
^thread, must be obseired. Of 
arse, in calculating the es- 
Eensihility from the figures thus ^^"."^ elabtic kx- 
^pbtained, the weight of the ap- 
f|>aratus attached to the muscle must be taken into 
■jconaideration. 
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Experiment's in muscular elasticity raay also be madof 
with the apparatus briefly described above, by measuring;' 
the extensions of the muscle by the variationB of a lev^l 
attached to it. The easiest way to do this is by fastens I 
ing an indicating apparatus to the lever in such a way J 




k 



that it traces the movements of the lever on a plate o 
smoked glass placed in front of it. This apparatus f 
called a myograph, or muscle-writer. Fig, 8 rt 
it in the simplified form adopted by Pfliiger. The t 
the elasticity of whiiih is to be examined, ia firmly fi 
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Fin the vice 0, and is coDDected with the lever E E,\\i& 
point of which touches the plate of smoked glass. The 
weight of the lever is held in equipoise bj the balance 
//. When weights are placed in the scale-pan at F, the 
lever moves upward, and its point marks a straight line 
which affords opportunity for measuring the amoimt of 
the extension. 
I But in whatever way examined, muscle, in common 
■ with all other soft bodies, exhibits another variation 
Ffrora the bearing of rigid bodies. We have seen that 
in steel or similar bodies the extension is exactly pro- 
portionate to the weight applied ; that is to say, if a 
given steel wire is extended one millimetre by one 
kilogramme, then the amount of extension caused by 
two kilogrammes is two millimetres, that by three kilo- 
grammes is three millimetres, and so on. It is not so 
in the case of muscle and other soil; bodies. They are 
comparatively more extensible by light than by heavy 
bodies. For instance, if the extension of a muscle 
when carrying ten gnimmes is five millimetres, when 
carrying a weight of twenty grammes it is, not ten 
millimetres, but perhaps only eight; when carrying 
I thirty grammes it is only ten millimetres, and so on. 
Tie extension, therefore, becomes continually less as 
khe weight increases, and finally becomes iinnoticeable 
■by the time that the point at which the nsuscJe is torn 
■fey the applied weights is reached. This behaviour is 
"of importance, because the conditions of elasticity play 
1 important part in muscular operations. The muscle 
a contracting is capable of lifting aweigh.t. The same 
weight, however, extends the muscle, and the co-opera- 
tion of the two forces — the contractile tendency and 
ihe elastic extension- — produces, as we shall find, the 
inal operation on which labour depends. 
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CHAPTER III. 

1. Jmtability of muscle; 2. Contraction and. tctanna ,- 3> Hei^ 
of elevntion aod performttncc of work ; 1. Inlernol work dnrSq 
tetanus; E. Generation of Iieat and niiisde-tone ; 6. Alter 
in form daring contmction. 

1. If a mnacle is cub from the body of a frog, 
is fastened into the myograph just described, it nevof 
shorteua spontaneously. If this does seem to happen, ij 
may safely be assumed that some accddental and i 
perceived external cause has influenced it. A muscl 
may, however, always be induced to shorten 
pinching it with tweezers, by smearing it with eiroDj 
acid, or by bringing certain other external inflni 
the nature of which we shall presently learn, to 
upon it. Muscle, therefore, never shortens 8pont»«ll 
neously, but it can always be induced to do so. 
quality of muscle enables us to produce the ; 
of contraction at pleasure, and to esamine accurate 
the nature and method of the conditions which gi^ 
rise to it and the phenomena by which it i 
panied. ffl 

The myograph which, by means of the indicate 
attached to it, marks the ctmtraetion of the muscle o 
the smoked glass ptate, and a.t the same time aSas 
opportimity for measuring the extent of the contractjcg 
will presently prove of yet greater service. But fi 
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our present purpose— which is to discover whether ( 
not contraction takes place under certain circumstances 
— it is hardly adapted. It may, therefore, be replaced 
by another apparatus, arranged by du Bois-Eeymond 
especially for experiments during lectures, and called bvj 
him the mitsde-tebigrapk. Tiie muscle is fixed in^ 
vice ; ita other end is connect<3d by a hook with ft 
thread running over a reel. The reel supports a long 
indicating hand to which a coloured disc is attached. 
The muscle in shortening turns the wheel and lifts the 
disc; and this is easily seen even from a considerable ' 
distance. A second thread, slung over the reel, 
ports a brass vessel which may be filled with shot, so uM 
to apply any desired weight to the muscle. 

The influences which cause the contraction of i^ 
muscle, such as pinching or smearing with acid, ai$sM 
called irritanta, and the muscle is said to be irrita 
because contraction can be induced in it by these meaiub^ 
The irritanta already spoken of are mechanical i 
chemical ; they labour under a disadvantage in that t 
muscle, at least at the point touched, is destroyed, 
at least is so changed that it is no longer irritable 
There is, however, another form of irritant which i 
free from this disadvantage. If the vice which 1 
the upper end of the muscle and the hook to whidb t 
lower end ia attached are fastened to the two eoaixat 
of a charged Kleistian or Lejden jar, the charge acts Q 
the moment at which the connection is formed, j 
an electric shock traverses the muscle. At the b 
instant the muscle is seen to contract, and the ( 
passes abruptly upward. In order to repeat the e 
ment it would be necessary to re-charge the Kl^st 
jar. But similar electric shocks may be more' 4 
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fveniently produced by means of ao-called indviction. 
Let us lake two coils of aCk-oovereil copper wire and 
attach the two ends of one of these to a muscle. An 
electric current from a battery must now be passed 
through the other coil A. The two coils being com- 
pletely isolated from each other, the current passing 
through A can in no way enter into B or into the moscle 
attached to B. If, however, the electric cnrrent in A is 
suddenly interrupted, an electric ^bock immediately 
arises in B, a so-called inductive shock ; and this passes 

t through and irritates the muscle; ibat is to say, a 




Fig. 10. IinntcTios oob- 



Isudden contraction of the muscle is observabl« at Ihn 
instant of the opening of the current in c*>il A ; and 
this suddenly lifts the disc attached to the miiwlt.-. 
The same thing occurs when the current in tlie cm'l A 
is again closed ; ao that this electric irritant affords an 
r easy and simple means of causing tliia sudden con- 
P traction of the muscle at pleasure. This contraction 
Imay be called a pulaationi and it will be perceived 
a the description of the above experiments that a 
mple electric shock, such as is afforded by the dis- 
charge of a Kleistian jar, or any similar inductive 
^ock, la the most convenient means of producing such 
B pulsation as often as it is required. 
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An electric current from the battery itself is alsd 
capable of acting as an irritant on muscle. If the pole 
of the battery are connected with the musclo, a conata&b'J 
current passes through it. If one of the connecting 
wires consists of two parts, a capsule filled with quick- 
silver may be inserted between the cut ends. One end 
of the wire must be allowed to remain immersed in the 
quicksilver ; the other end must be bent into the form, 
of a hook so as to allow it to be easily immersed in, Euoid.l 
again withdrawn from, the quicksilver. This makei 
it easy to close the current within the muscle, t 
to interrupt it again at pleasure. At the momeal^S 
at which the current is closed, a pulsation ia observedV 
entirely similar to that which would be produced by'l 
an electric shock. The muscle contracts, and the disc J 
ia jerked upward and then fulls again. But it doeO'^ 
not return quite to its original position ; it remaiiu 
somewhat raised, thus showing that the muscle is noi 
eontiniiously contracted; and this contraction lasts i 
long as the current passes iminterruptedly through th^ 
muscle. 

If the current is interrupted, a pulsation which.! 
jerks the lever upward is sometimes but not alwayftl 
observable ; the muscle then, however, resumes it»v 1 
original length, which it retains until it is irritated- 1 
anew. 

2. These experiments show that muscle exhiHni 
two forms of contraction : the one, which, we called y 
sation, is of short duration ; the other, which is prodoce^^ 
by a constant electric current, eudures longer. This J 
more enduring form of contraction may, moreover, ba' j 
yet more conveniently produced by allowing an irritant'j 
mcb as in itself would only produce a single pulsdtic 
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to operate repeatedly in quick successioTi. An inductive 

current is most suitable for this purpose, for it can 

I be produced at will by the closing and opening of an- 

\ other ciurrent. Once more turning to the coils A and 

( (fig. 10, p. 31), let A be connectt^d with a chain, 

I B with the muscle. \\'ithin the circuit of the chain 

f -which includes A, we can insert an apparatus capable 

I of repeatedly and rapidly shutting or opening the 

I current. For this purpose a so-called electric wheel 

I used. The wheel Z is made of some conducting 

I substance, such as copper, 

and its circumference is cnt 

' into teeth like that of the 

I ratc'het- wheel of a watch. 

I The copper wire rests on 

f this circumference. The 

I axis of the wheel and the 

I wire b are connected with 

the conducting wires by ineai 

'\\'hen the click rests on one rooth of the circumference 
' of the wheel, the current is enabled to pass through 
' the wheel, and thus also through coil A ; it is, how- 
ever, interrupted during the interval which intervenes 
while the click springs from one tooth to the other. 
L Therefore, by turning the wheel on its axis the current 
[ in coil A is alternately closed and opened. Conse- 
I quently, inductive currents constantly occur in the 
I adjacent coil B, and these pass in rapid succession 
I through the muscle. Each of these currents irritates 
I the muscle ; and since they occm in such quick sui- 
sion, the muscle has no time to relax in the intervals, 
I but continues porm;mently contracted. Enduring con- 
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traction of this sort is called tetanus of the musde tcjf 
distinguisli it fi-om a series of distioct piiisntiona. 

Another method of frequently and repeatedly elo«*J 
sing and opening the current is by means of a. self-^T 
acting apparatus which is put in motion by the cmrenfel 
itself. 'ITiis, which is called Wagner's hammer, is re-l 
presented in fig. 12. The current of the chain is con^a 
ducted through the columnl 
represented on the right ( 
the German silver springo pj 
A small piatiniun plate cia 
soldered on to the latter, anif 
pressed against the poioH 
above it by the elastic fore 
of the spring. The curreirf 
passes from this to the o 
of a small electrc 
and, after passing throng 
this, back to the chaia 
through the clamp connected with it on the left- Abj 
armature of soft iron, «, fastened on to the spritu 
o 0, is suspended over the poles of the electro-magnet.^ 
This iron being attracted by the electro-magnet, tbeff 
small plate c is forced away from i he point and the cnr-i < 
rent is thus interrupted. In so doing, however, tho-fl 
electro-magnet parts with its magnetism, and ( 
quently relinquishes its hold upon the armature ; the] 
plate is thus again pressed by the action of 1 
spring against the point. The current being thus a, 
closed, the electro-magnet recovers its force, again at»l 
tracts the armature, and again interrupts the current J; 
and these processes are continued as long as the chaiB'J 
remains inserted between the column on the right s 
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the flump un the left. In order to use thia hammer for 
the production of inductive currents, the one coil, A, of 
the appariit us (shown in fig. 10, p. 31), must be inserted 
between the two clamps shown on the right.' 

Wagner's hammer in a more simple form may be 
permanently connected with eoil A. In this case it ia 
beat to place the second coil 5 on a sliding-piece which 
is so arranged that it can be moved along a groove to a 




I greater or less distance iirom coil A. This enables the 

I Operator to regulate the strength of the inductive current 

I generated in it. Fig. 13 represents an apparatus of this 

[ sort. Theaecondary coil, in which the inductive currents 

i ariginate, is in this ease indicated hy i ; the primary coil, 

L through which the constant currents pass, hy c ; 6 is the 

t«lectro-magnetj h the armature of the hammer; /ia 

a. small screw, at the point of contact of which with the 

I In order to set Wagner'a linmmer itself in motion, tliose clampa 

■niut be connected by a. wire tlicongh wliich alone tlie oonneciiun 

from the poiDt to the coils of the eleo I ro- magnet ia made. 
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small plate soldered on to the surface of the Gen 
silver spring the current is closed aud interrupted, 
apparatus of this kind is called a gliding inductorium3 
It is only necessiiry to attach the ends of the coil i toM 
the muscle, and to insert the chain between the cohmina i 
o and ff. The action of the hammer then at once J 
commences; the inductive cur-l 
rents generated in c passthrougM 
the muscle, which contracts te- 
tanically. 

Instead of connecting coil ei 
immediately with the muscle, it J 
I is better to carry the wires froiq 
the coil to the two clamps b a 
c in the apparatus shown in fig^ 
14, which is called a tetajbiairtg, 
I key. Two other wires pass from 
1 these same clamps b and c to theJ 
muscle. When the inductive aj^ 
paratus is in acf.ion the muscle iN 
put into a tetanic condition. Bun 
as soon as the lever d is ^ 
down, so as to connect b and ^ 
together, the current of coil i it 
^ enabled to pass through this le« 
"" ^"' ■^•'"'"•■'- ver. The lever d being made ol 
a short and thick piece of brass, which offers hardly any J 
resistance to the current, while the muscle on the c 
trary offers great resistance, very little of the curreittfl 
passes through the muscle, but nearly all through thA 
lever d. The muscle, therefore, remains at rest, 
soon, however, as the lever d is again raised, the j 
ductive currents must again pass through the mu8cl& 
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A alight pressure on the handle of the lever d is, there- 
' fore, Bufficient to produce or to put an end to the te- 
' tiinic condition at the will of the operator, thus allowing 
I more iicciirate study of the muscle processes. 

We have now noticed muscle in two conditions : in 
the ordinary condition in which it usually occurs either 
within the body or when taken from the hody, and in 
the contracted condition which results from the appli- 
cation of certain irritants. The former condition may 
e spoken of as the rest of the muscle, the latter as the 
action of the muscle. Muscular action occins in two 
forms, one of which is a sudden temporary shortening 
I or pulsation, while the other is an enduring contraction 
I or tetanus. The latter, on account of its longer dura- 
1 tion, is more easily studied. In many cnscs it is a 
I matter of indifference whether pulsating or tetanised 
jscle ia examined. In the following investigations 
! shall therefore employ sometimes one, aometimea 
I the other, method of irritation. 

3. On attaching weights to a muscle, the latter is 
, capable of raising these weights so soon as it ia set in 
' motion. It raises the weight to a certdn height, and 
thus accomplishes labour which, in accordance with 
mechanical principles, can be expressed in figures by 
multiplying together the weight raised and the heiglit 
to which it is raised. This height to which the weight 
can he raised, which may he called the height of ele- 
vation of the muscle, can be measured by means of the 
I myograph already described. On attaching a weight 
•to the lever of the myograph, the muscle is imme- 
■■diately extended. The pencil must now be hrought in 
rcontact with the glass plate of the myograph, and 
jlhe muscle must be made to contract by opening the 



38 POYSIOLOGY OF MUSCLES AND NERVES. 

key BO as to allow the inductive currents to have access J 
to the muscle. The latter at once ehortens, and its*! 
height of elevation is indicated by a vertical stroke on 1 
the smoked glass plate. On instituting a series of 1 
experiments with the same muscle but with various 
weights, it will be foimd that the muscle is not able 
to raise all weights to the same height. When the 
weight is small the height to which it is raised ia great. 
As a rule, as the weight increases, the height to which 
it ia raised becomes less, and finally, when a certain 
weight is reached, it becomes unnoticeable. Fig, 15 J 



shows the result of a series of ejcperimente of this sort. ' 
The figures under each of the vertical strokes represent , 
in grammes the amount of the weight raised; the height 
of the strokes is double the real height of elevation, 
the apparatus employed in the experiment representing i 
them twice their natural size. Between each two i 
the experiments the glass plate was pushed on a little! 
further in order that the separate experiments might 
be indicated aide by side. In finding the first i 
these heights of elevation, under which stands an 0, no [ 
weight was applied, and even the weight of the indi- ■ 
eating lever was neutralised by an equivalent weig^itt>4 
It appears, therefore, that the height of elevatitm i 
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preati^st in this case. Each of the succeeding heights 
begins from a somewhat lower point in consequence of 
the exteuBion of the muscle by the applied weights. 
But eaeh also rises to a less height than that which 
preceded it; and, finally, a weight of 250 grammes 
being applied, tlie height of elevation is naught. 

From this aeries of experiments it is evident that, 
as the weight increases, the height to which it is raised 
continually decreases. The following conclusion must, 
therefore, be drawn as to the work accomplished by the 
muscle. When no weight is applied, the height of 
elevation is great ; but as no weight is raiecd in this 
case, the amount of work accomplished, therefore, also 
equals 0, When 250 grammes, the greatest weight, is 
applied, the height of elevation equals 0, so that in 
this case also no work is accomplished. It was only on 
the application of the intermediate weights that the 
muBcle accomplished work ; and this, moreover, at first 
increased until a weight of 150 grammes was reached, 
and then gradually decreased. On calculating the 
amount of work accomplished during 'each of the pul- 
sations in questiou, the following results are foimd : — 
"WeigM applied. .0 50 100 150 200 260 gr. 

. Height ot elevation ,11 9 7 6 2 mm. 

! WorkacoompliBlicd . mi 700 Trri) 100 miu. 

The same results may be obtained with any other 
' muscle. So that it may be stated as a very general 
proposition, that for each muscle there is a definite 
, weight, on the application of which the greatest amount 
' of work is accomplished by th.it muscle J when greater 
I or less weight is applied, the amount of work accom- 
plished is less. But the height of elevation correspond- 
I ing with the application of one and the same weight is 
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not always the same in the case of different inusclea. On J 
comparing thick with thin muBcles, it appears, in the first ] 
place, that the extension in the case of thick muscles be- 1 
cornea less in proportion as the weight applied increases; 1 
and that the decrease in the height of elevation corre- 
sponding to the increase in the weight applied proceeds 1 
less rapidly ; so that much greater weights can be raised I 
by thick than by thin muscles. On the other hand, it j 
appears that in the case of muscles of equal thickness I 
the height of elevation is greater in proportion as I 
the muscle-fibres are longer, Under an equal weight I 
the height of elevation increases proportionately with f 
the length of the muscle-fibres. They decrease with-.] 
increased weight; and they do this more rapidly in the:! 
tase of thin than of thick muscles. 

4. In calctilating the amount of work accomplished! 
by a muscle, only the raising of the weight is taken intoi] 
consideration. When, however, the ordinary method J 
of irritating the muscle is applied, the weight which I 
is raised sinks back after each pulsation to its forraerl 
height. The muscular work accomplished at each pnl-^V 
satiou is, therefore, cancelled. It is probably converted ! 
into warmth. It is, liowever, possible to retain tbe;fl 
weight at the height to which it was raised by the muscle^fl 
A. Fick accomplished this very ingeniously by causjngff 
the muscle to act on a light lever, which moves a wheel 
each time it rises, but leaves the same wh^el undis-< 
turbed when it again sinks. A thread, on which th&'l 
weight hangs, passes over the axis of the wheel. Ths'! 
effect of this arrangement is that the muscle at each'! 
pulsation turns the wheel slightly, aud thus slowly I 
raises the weight. If the muscle is made to p 
frequently, the weight is raised somewhat higher each \ 
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time, aiid the final result : 
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accomplished by the separate pulsations, 
this apparatus a labour-accumulator (^Arb^ 
It represents the method by which the whole work of 
all muscular efforts Ja summarised. When labourers 
lift a weight by means of a winch or windlass, a cog- 
1 wheel and drag-hook is applied to the axis in such 
■ a way that the wheel is free to revolve in one direc- 
tion but not in the other. This gives cumulative 
effect to the separate muscular efforts which raise the 
weight; and the labourer is even able to make longer 
or shorter pauses without the result of the work already 
accomplished being cancelled by the falling back of the 
weight. 

In tetanus the case is not tlie same as in separate 
pulsations. In the former the muscle at first accom- 
ahes work by raising the weight, and then prevents 
it from falling by its own exertion. In addition to 
the height of elevntiou, it is, therefore, possible to 
distinguish also the carried height, that is to say, the 
height at which the weight is permanently supported. 
In doing this the muscle does not really accomplish 
any work in the mechanical sense ; for work consists 
only in the raising of weight. In lifting a stone to the 
height of the table I accomplish definite work; the 
stone being placed on the table presses by its own 
weight on the latter ; but the table though it prevents 
the stone from falling, cannot be said in so doing to ac- 
complish work. So it is in the ca«e of muscle. On raising 
a weight by means of the muscles of my arm to the 
height of my shoulder, and then holding out my ann 
horizontally, the muscles of the arm prevent the weight 
from falling ; they act just as the fable, and, therefore. 
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they accomplish no work in a mechanical sense, 
everyone knows the difficulty of holding a weight loni 
in this position ; the sense of weariness which vert 
soon makes itself felt shows that work in a.physiologici 
sense is really done. The kind of work thus accom- J 
plisbed may be spoken of as the intermal work of the 1 
muscle, as distinguished from the external work accom- J 
plished in the raising of weights. 

5. We muht now inquire on what the labour accom-( 
plished by tht; muscle as a whole depends. We arcl.J 
justified in assuming that here also, as in other c 
the work done does not originate in itself, but comet 
into existence in consequence of the exercise 
force. On examining a muscle during its active ( 
dition, we find that chemical processes occur witLin iJi] 
which, though the details are not indeed folly known^V 
must, since they are connected with the producti<«'fl 
of warmth and the evolution of carbonic acid, depends 
on the oxidation of a portion of the muscle-suhstancei 
Thus, the muscle acts hke a steam-engino, in which worlfi'l 
is accomplished in the same way by the evolution rfl 
warmth and the production of carbonic acid. So far all!l 
is clear; a portion of the substances of which thcfl 
muscle is composed is oxidised during its active stat&, J 
and the energy released by this chemical process is 1 
the source of the work accomplished by the muscle^ T 
The production of warmth in a muscle can be showit ] 
even during a single pulsation; but this productii:ffl:,J 
of warmth is far more noticeable during tetanus ja 
and as warmth is but another form of motion, we majh 
infer from this that the whole force resulting £roat>l 
the chemicnl process is converted into warmth dutii^ j 
tetanus; while during the raising of a weight at th& T 
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coram enctjmeut of the tetanic conditiou, ■ 
I distinct pulsation, a portion of this force 
\ form of mechanical work. 

There is yet another fact which shows that internal 
motion must proceed within the muscle when con- 
tracted in tetanus, notwithstanding the quiescent con- 
dition in which extemallj' it apparently is. A muscle 
P- when in this condition produces a sound or note. On 
pliioing an ear-trumpet on any muscle, for instance, on 
that of-the upper arm, and then causing the muscle t« 
contract, a. deep huzzing noise ia audible. This may 
also be loudly and distinctly hcjard on stopping the 
outer ear-passages with waxen plugs, and then contracts 

Iing the muscles of the face ; or by inserting the little 
finger firmly in the outer ear-passage and then contract- 
ing the muscles of the arm. In the latter case the 
bones of the arm conduct the muscle-note to the ear. 
'This muscular note clearly shows that vibrations must 
occur within the muscle, however apparently unchanged 
the form of the latter may be. We found that teta- 
nus thus apparently constant is iuduccd by distinct 
irritants applied in quick succession. Hclmlioltz has 
shown that eaeh of these irritations really corresponds 
with a vibration; for, if the number of the distinct 
irritations is altered, the muscle-note is also changed^ 
I the height of the muscle-note always corresponding 
[lexaetly with the number of irritants applied. Though, 
■fUierefore, no alteration in form can be perceived in the 
■itetanised muscle, this can only be due to the fact that 
movements which occur among the particles within the 
muscle effect the note, though the external form re- 
nins imchanged. A somewhat similar phenomenon 
I observable in rods when caused to vibrate longitii- 
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dinally ; for these also emit a sound although no change j 
of form is externally perceptible. 

This raises a question as to how many of these irri- 
tiitionB are really requisite in order to bring n m' 
into an enduring condition of tiontraetion, By meana of 
Wagner's hammer (fig. 12), just described, or by meana 
of an electric wheel (fig. 11), the number of the irrita- 
tions may be regulated. It will be found that from 16 to 
1 8 distinct irritations in each second arequite sufficient to 
cause a constant contraction of the muscle. In a living . 
body also, where the muscles are voluntarily contracted, J 
the condition of tetanus appears to he produced by tha; 
same number of irritations. It has been found that the M 
height of the muscle-note heard during voluntary c(m-> 1 
traction of the muscles is about equal to c' or d', which 
represents from 32 to 36 vibrations in the second. But \ 
Helmholtz was able to show, with great probabilityj 
that this is not the true number of muscle-vibrationB,. 
but that the vibrations within the muscle are really 
only half as many. As, however, notes of this pitch , 
are indistinguishable to our ears, we hear the next ' 
higher tone instead, which represents twice the nua>> J 
her of vibrations.' 

6. As yet we have noticed only the shortening of 
muscles. This alone determines the amount of laboor , 
accomplished, which consists in raising weights. Bat .[ 
on looking at a contracted muscle, it is evident thaA j 
it has become, not only shorter, but thicker. This. ' 



' Acording to Preyer, some men are capable of disti 
Dates of as many as Hflcen to twenty-live vibrations per aeaond ; 
and, uDdording' to the same authority, tbe muscle-note soands veiu J 
like that produced by from eighteen to twenty vibcaliona p*t3 
second, which correspoDtla very well with tlie viewa of Heliiili(dlK< < 
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raises the question wbethei' the muscle in contracting 
[ has undergone no cliange in the amount of space oe- 
I cupied by it, or if its mass haa become more dense. 
I It is not easy to determine this acciirately, for the 
I alteration in the volume of the muscle can only be 
I very slight. Experiments which have been made by 
I.' P. Erman, E. Weber, and others, agree in showing 
I that a very slight diminution in the muscle does cer- 
[ tainly take place. 

Remembering, however, that muscle consists of a 
naoist substance, and that about three-fourths of its 
whole weight is water, even this sUght decrease in 
volume must be the result of very considerable pressure 
—for fluids are extremely difficult of compression — un- 
eas possibly a portion of the water is expressed through 
I- the pores of tlie sarcolemma pouch. 

More important than this structural change of the 
whole muscle is the change of form which each separate 
muscle-fibre undergoes. This may be observed under 
I the microscope in thin and flat muscles, when it will 
L be found that each muscle-fibre also becomes both 
[■ shorter and thicker. On placing a muscle on a glass 
[ plate under the microscope, in order to observe this, 
muscle, when the irritant ceases to act, is seen to 
I remain apparently in its shortened form. But the 
I separate muscle-fibres resume their former length as 
\ Boon as the irritant ceases, and they therefore be in a 
ag position until they are straightened by some 
I external force. I merely mention this here, because 
I the phenomenon is of historic interest. Prevost and 
I Dumas, who were the first to examine this condition, 
I believed that the contraction of the whole muscle was 
f due to this zigzag bending of the muscle-fibres. With 
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the incomplete apparatus wliieh they were then alone 
able to command, they were unable to induce an en- 
during irritation of the muscle; and they, therefore, 
confused the state of relaxation with that of contrac- 
tion. 



CHAPTER IV. 



1. Altemtion inelaslioilj during contmction; 2. Duration of con- 
traction; the mjograph ; 3. Determination of electric time; 
4. ApplicatiOD of this to muscular pnlaatioo ; S. Burdea and 
oiGrburde[i--muaculiir foriie ; 6. Ileteniunation of musaolar 
force inmauj 7. Alteration in moscnlar force during oontrac- 



1. We now approach one of the moat remarkable of 
the facta connected with the general physiology of the 
muscles: this is the alteration in the elasticity of a 
muscle during its contraction. Even E. Weber, who 
first penetrated deeply in his researches into the sub- 
ject of muscular contraction, showed that muscle is 
further extended by the same weight when it is in a 
state of activity than when it is quiescent. This is the 
more striking because the muscle becomes shorter and 
thicker during its activity, so that it should conse- 
quently be less extended ; for, as we found, the exten- 
sion by a definite weight is greater in proportion its the 
body extended is longer, and is less in proportion as tJie 
body extended is thicker. If, therefore, an active muscle 
is further extended than one that is inactive by the same 
weight, this can only be due to a change in its elasti- 
city. It is hard to say how this occtirs. The pheno- 
mena of contraction may, however, be explained by 
saying that muscle has two natural forms : one proper 
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to it, when it is in a quiescent state ; the other, when 
it is active. When a quiescent muscle is brought into 
an active condition by irritation, it assumes a form 
which is no longer natural to it, it strives to attain the 
latter, and shortens until it reaches its new form, which 
is then natural to it. If the muscle is extended by a 
weight, and is then irritated, it immediately contracts ; 
but only to that length which represents the exten- 
sion by the attached weight, proper to its new form. 
Let us imagine that A 5, in fig. 16, is the length of 



»/> 




Fig. 16. Altkration in Elasticity during contraction, 

the muscle when quiescent and unburdened, and that 
Ab IS the length of the muscle when active and un- 
burdened. Then the muscle, if it is irritated while 
unweighted, will shorten to the extent represented by 
AB— Ah=^bB\ b B is^ therefore, the height of 
elevation of the unweighted muscle. If a weight p is 
attached to the muscle, the latter in its inactive condi- 
tion will be extended to a certain degree (S' df) ; so 
that its length will now be A B -\- B' df = A' B\ On 
being now irritated, it contracts and assumes a length 
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which must equal A B + c b' := A' b', iu which j4 6 is 
the natural length of the active muscle when un- 
weighted, and c b' is the extension which the acti\'e 
I muijcle undergoes on the application of the same weight 
A' B' — A' b' = b' B' is, therefore, the height of 
I e'evation of the muscle when the weight p la applied. 
Now, our former experiments have shown that the 
height of elevation decreases as the weight increases. 
'ITie height of elevation 6 B, when the weight apph'cd 
=o, is, therefore, greater than the height of elevation 
b' B', with the weight p. It therefore follows that the 
extension c b' must be greater than tlie extension d' B' ; 
or, in other words, the same weight, p, extends the 
muscle more when the latter is active than when it 
is quiescent. Calculating on this principle the curves 
of the extension of the active, as well as of the in- 
I active, muscle, for the first we find the curve b b' y; 
for the second the curve B B' x; and these two con- 
tinue gradually to approach each other, until they at 
last cut each other at the point B''. This point B'', 
which corresponds with the weight p, shows that when 
this weight is applied, the length of the active and 
the inactive muscles is equal. If, therefore, when the 
weight p is applied, the muscle is irritated, the height 
of elevation is nothing. The muscle is Incapable of 
raising this weight, a fact which we have already noticed 
1 previous experiments.' 

Yet another point of great interest is observable in 

I studying this alteration in the elasticity. When a cer- 

I tain weight, k, is apphed, the extension of the active 

I muscle = c' b" : that is, the active muscle, when this 

weight is applied,. assumes exactly the length proper to 

' See Notes and AdiiitioiiB, No. 1. 
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the quiescent muscle when unweighted. If an esperd 
ment is successfully arranged so that an inactive muscl^ 
ia not extended by the weight k—hy fastening the latte 
ta the muscle, but immediately supporting it, so thi 
it does not extend the muscle — and if the muscle i 
then irritated, it is evident that the muscle is incapab] 
of raising this weight from its support. By finding tl« 
weight which ia exactly sufficient to effect this 
evident that we ahall find an expresaion for the E 
tude of the energy with which the muscle strives i 
paaa from its natural into a contracted condition. Thitf' 
energy is called the force, of the muscle, A method of 
accurately determining this will presently be explained. 

2, As far aa it is poaaible to examine the matt^'^ 
the condition of muscles during their distinct pulaatioi]|[ 
is exactly as in tetanus. All that has been said of t" 
height of elevation, and of the accomplishment of li 
bour dependent on this, and of the alteration in tbj 
elasticity, is as true of distinct pulsations as of tii 
tetanic condition. But it is very hard to observe tEj 
alteration in form during the very short time which i 
occupied by one of these pulsations. Means of diuwing 
very accurate conclusions even on this point have, hom 
ever, been found, especially since Helmholt^ turned b 
attention to the matter, in 1852. 

Various methods are employed in experimental i 
search to measure very short periods of time accura 
aud to study processes which occiar even within i 
shortest periods. Not only has the speed of the canm 
ball during the various periods of its passage from t^ 
mouth of the caimon to its arrival at its destinat 
been measurcid, but this has also been done in the e 
of the yet shorter time occupied by the explosion i 
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gunpowder. The duratioQ of the electric spiirk alone 
yet remains unmeasured. This may, therefore, be re- 
garded as really instantaneous, or at least as occupying 
a tiHie shorter than any measurable period. Some 
observers have estimated its duration aa less than 
j-j-J-g-g- of a second. 

The moat serviceable meana of measuring very 
short periods is by causing the process to be measured 
to register itself on a rapidly moved surface, or by 
using an electric current the action of which depends 
ou a magnet as regards' its duration. Each of these 
methods has been applied to muscle. 

Supposing a smooth surface, such as a gloss plate, 
moved with great rapidity in its own plane, then a 
pointed wire turned at right angles to the plate will 
mark a straight line on the latter. If the plate has 
been smoked this line will be visible- Supposing the 
wire is attached to an instrument vibrating, like a 
tuning fork, upward and downward, then the line 
drawn by the pencil when the plate is moved will be 
not straight but waved. As the number of the vibra- 
tions may be told from the note which the vibrating 
instrument emits, it is known that the distance be- 
tween each two waves of the waved line obtained 
represents a certain period of time. Assuming thnt the 
instrument makes 250 vibrations in each second, it 
is evident that the plate must have moved the dis- 
tance between each two waves in -j^ of a second. 
Now, if it is possible to cause a muscle-pulsatiou to 
register itself ou the same plate, then from the distance 
of the separate parts of the line thus registered, when 
compared with the waves drawn by tho vibrating 
instrument, the duration of time may be accurately 
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determined. The myograph of Helmholtz depends cajij 
this principle. Originally it consisted of a glass cyliu 




L 



der which rotated rapidly on its own axis. The a 
ratuB haBj however, since undergone many alteratioBt^ 



THE MYOGHArn. 5'6 

Fig. 17 represents it in the form given to it bydii Bois- 
Beymond. The clockwork enclosed in the case c sets 
the cylinder A in rotation. A heavy disc B is fastened 
on to the axis of the cylinder, on the lower siu-face of 
( which are certain brass wings arranged vertically and 
I immersed in oil. This oi! is contained in the cylin- 
drical vessel B". By raising or lowering this vessel the 
amount of reHistance offered to the rotatory motion 
may he graduated. This, together with the great 
weight of the heavy plate B, causes the rate of rotation 
of the cylinder A to increase but very slowly. As 
soon as a proper speed has been attained, the muscle 
is irritated ; and this, on contracting, raises the lever c 
so that the point e fastened to the latter traces a curve 
on the cylinder. 

To carry out the experiment, the muscle is fastened 

in a vice within the glass case, so as to prevent its 

drying up, and is then connected with the lever c; the 

cylinder A is covered with a coating of soot, and is then 

firmly fastened on its axis; the pointed indicator is 

brought into contact with the cylinder by means of 

the thread /. When this cylinder is slowly turned 

round by the hand, a horizontal line is ioscribed on it 

by the indicator, and this represents the natural length 

of the quiescent muscle. On the circumference of 

[ the disc B is a projection called the ' nose.' When 

I the disc together with the cylinder connected with it 

1 are in a certain position, this nose touches the bent 

l> bayonet-shaped angled lever I. When the latter is 

r turned aside it raises the lever h by means of the arm 

[ i, thus breaking the contact of a current between the 

lever and the small column standing in front of it. The 

1 current of an electric chain is conducted through this 
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point of contact, and also through the primary coil o4 I 
an indnctive apparatus. The aecondary coil is con- ' 
nected with the muscle. \\'hen, therefore, the lever I 
is turned aside, the muscle is irritated. Accordingly it 
pulsates and raises the pencil of the indt^x so that the 
latter marks a vertical line, representing the height of 
elevation of the muscle, on the cylinder A. By press- 
ing the finger on 17, the bayonet-shaped point I may be 
slightly raised, the index point e being at the same time 
slightly removed from the cylinder. The clockwork-J 
is then set in motion. The cylinder turns, at firatfl 
slowly, but gradually more quickly ; but the mnscls.l 
remains inactive, and the point can make no mark.1 
As soon as the cyliudor has attained the desired Epeed'i^ 
the finger is removed ; I sinks, and is soon after caught 1 
and turned aside by the nose, and the muscle, thus irri- | 
tated, pulsates, and this pulsation is recorded on the; 
cylinder during its rotation. 

The irritation of the muscle being effected by tha^ 
apparatus itself, it occurs when the rotating cylindetf-fl 
is in a definite position ; that is to say, the cylinde* 1 
is in that position in which the nose has just touched | 
the end of the lever I. It is evident that this posi— ' 
tion is the same as that at which the muscle was at 1 
first allowed to pulsate when the cyUnder stood stills' l 
The vertical line then drawn, therefore, indicstefta 
exactly the position of the cylinder at the moment i 
which irritation takes place. Where this vertical lineli 
deviates from the horizontal line first drawn is thftitj 
point at which the pencil was when irritation was in- 
duced in the muscle. The distances from which the \ 
periods are to be calculated must be measured firoiQ ^ 
this point. 
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irder to make the calcnlation, the rate of rota- 
tion of the cylinder must be accurately known, ag 
uniformity in the time of registration of vibrations is 
not effeeterl by the apparatus. As we have already 
jpeen, the rate of rotation of the cylinder is not nniform, 
Ibut increasing ; owing, however, to the weight of the 
a B and of the inuueraion in oil, the increase is very 
radual, and when a certain speed has been attained 
1 resistauce offered by the oil is so great that no 
increase occurs and the speed remains constant, 
na of the hand on the face d this speed can be 
■idetenuined ; and it is easy to cause the cylinder to 
make exactly one revolution per second by adjusting 
he oil vessel of the apparatus. 

The desired speed having been attained, it is only 
y to know the circumference of the cylinder in 
prrdei to calculate the time value of that which is 
Hiked on the cyhnder. In order to facilitate the 
Bieasureinent of the separate portions of the curve, 
2%he cylinder, after being carefully removed from its 
is, must be fastened into a suitable forked handle 
HBUch as is represented in the left-hand lower comer of 
.17, where it is marked E), and the cylinder must 
Khen be rolled on a sheet of moistened gelatine paper. 
|Che whole layer of soot adheres to the sticky gelatine ; 
fad the whole must then be fastened with the blackened 
e downward on to a white ground. The describi'd 
■vcs will then appear in white on a black ground, 
aid will admit of easy measurement. 

Fig. IB is accurately copied from a curve described 
a this way by the calf-muscle of a frog. The point at 
Jifhich the irritation occurred is marked z. It will at 
e strike the observer that the rising of the indicator 
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did not bpgin at the point z, but at some little distance ^ 
beyond this, at a. From this it is to be inferred that 
the contraction of the muscle did not be'gin at the 
moment of irritation, for it ia evident that the cylinder 
of the myograph had time to turn from a to a before 
the indicator yiiia raised by the contraction of the 
muscle. A certain time, therefore, elapses before the 
change produced In the muscle by irritation results in j 
contraction. The duration of this time — which i 
accurately calculated from the length of the space exist 
ing between z and a — is about one-hundredth of i 
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aeeond. This stage is called that of latent irritatioii^ 
for during it the irritation has not yet become actively] 
efficient in the muscle. From the point a the mnsclQ 
evidently contracts, as is shown by the rising of tlM 
pencil from point a to point ii, which is the highee 
part of the curve described ; from that point onwa( 
the muscle again lengthens tiU it resumes it« origin^ 
length at the point c. The time which elapses betwet 
the beginning of the contraction and its maxunm 
is called the stage of increasing energy ; the time fro 
tliia masimiun to that of the full re-extension ot t 
iiniscle is that of the stage of decreasing energy, 
whole duration of the muscular pulsation from 
commencement of (he contraction at a till complef 
extension is again reached at c, is from about, one-tentlfc^ 
to one-sixth of a second. 
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3. In a similar way the different periods in muscular 
pulsation may be measiu-ed by means of an electric 
current. In order to understand this process, let us 
suppose a sudden push to be given to a heavy pendulum. 
The pendulum is thus caused to deflect from the 
vertical position proper to it when 
quiescent, the angle formed by its de- 
flection depending on the force of the 
push which operated on it. Heavy 
pendulums of this sort, called ballistic 
pendulums, are used for measuring 
the speed of gun-shots. A magnetic 
needle which when suspended from a 
thread assumes a direction from north 
to south, may be regarded as a pen- 
dulum in which, in place of the force 
of gravitation, the magnetic attraction 
of the earth determines its position 
in a certain direction. If a sudden 
push is given to a pendulum of this 
sort, the force of the propulsion may 
be calculated in this case also from 
the degree of deflection. If a con- ^iq 19 
tinuous electric current be conducted 
to a magnetic needle, the current 
being parallel to the needle, the latter 
deflects and assumes a position at an angle to the cur- 
rent, the magnitude of this angle depending on the 
strength of the current. The magnetic needle assumes 
a new position, the repelling force of the current and the 
magnetism of the earth counterbalancing each other. 
Ifj however, the current, instead of acting continuously, 

acts only for a short time, the magnetic needle suffers 
4 
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a push of but short duration and makes only a single I 
vibration, after which it returns to the position proper to* 
it when at rest. The degree of deflection must in thi» I 
case be proportionate to the strength of the current and 4 
to the brevity of its duration. If, therefore, the strength.'! 
is known and remains constant, the time occupied by the a 
deflection maybe calculated from its extent. Suchde-J 
flections are generally very slight. In order, therefore 
to measure them with certainty, an apparatus which was J 
first applied by the celebrated mathematician Gaussl 
is used. A small mirror o being connected with thel 
magnet, a graduated scale 8 8, which is reflected iiij| 
the mirror, is read by means of a magnifying glas 
the scale is placed parallel to the mirror when thos 
magnet is at rent, and the magnifying ghisa is aiTangt 
at right angles to the direction of the mirror and of thej 
scale, it ia evident that exactly the point a on the) 
scale which lies over the centre of the magniiyingi 
glass will be seen reflected in the mirror. Ah s 
the magnet with the mirror attached to it turns, thd 
reflection of a different point on the fixed scale, tha 
point c, is seen through the glass, and an ohserven 
looking at the mirror through the lens sees the scalM 
apparently move in the same direction as that : 
which the mirror, together with the magnet, tuniaJ 
From the extent of this change of position the 
which the magnet describes in its deflection may 1 
calculated. 

4. This method, by which the duration of electi 
currents may be measured with the greatest accuratru 
must now be applied to our task of examining i 
duration of a muscle-pidsation. For this purpose i 
must find some arrangement by which an el«! 
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purrent is closed at the instant at which the moscle is 

irritated, and to interrupt this current at the instant at 
which the contraction of the niiiscle begins. 

This experiment also was first effected by Helmholtz. 
The apparatus used for the purp<ise is shown in fig. 20, 
in the altered form used by du Bois-Reyraond. From 
a fixed stage rises a column to which a. strong vice for 
the reception of one end of the muhule is attached in 
Buch a way that it can be moved upward or downward. 
The lower end of the muscle is fixed by means of a 
connecting piece * h with a lever which can be turned 
on the horizontal axis a a'. The lever is prolonged 
below into a short, rod which, passing through a hole 
in the stage, supports at its foot a scale plate for 
weighting the muscle. On the fore-end of the lever 
are two screws p and g, the former of which ends below 
1 a platinum point resting upon a platinum plate, 
whUe the latter is extended into a point of coppor- 
lalgani, immersed in a capsule of quiekpiilver. The 
platinum plate and the capsule of qnicksflver are iso- 
lated from the stage and from each other, the latter 
being conduc'ively connected with the vice Jc, the former 
^^ with if. 

^H If the current which is to act on the swinging mng- 

^^L net is inserted between k and k', it passes through the 
^^V qiucksilver capsule, through the portion of the lever be- 
^^H tween p and q, through the platinuni plate, &c., as long 
^^H as the muscle does not contract. As soon, however, as 
^^H the muscle contracts, it interrupts the ciurent between 
^^H p and the platinum plate. If the apparatus is so ar- 
^^V ranged that the current is closed at the moment at 
^^H which any irritant affects the muscle, then this current 
^^H wHl circulate until the muscle, in contracting, again 
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interrupts the current. This period, which may be cal- 
culated by the metliad described in the last paragraph, 
represents exactly that which elapses from the moment 
at which the irritant affects the muscle to that at which 
contraction begins. 

Yet another circumstance must be taken into con- 
sideration, in order to render actual measurements pos- 
sible. The muscle contracts on being irritated. This 
contraction, however, lasts only a very few parts of a 
second, and the muscle then resumes its firmer iL-ugt.U. 
In the experiment just 
described, the current 
interrupted by the con- 
traction of the muscle 
woultl soon be again 
completed, and the mag- j 
net would undergo a new 
deflection even before 
the first vibration was 
finished. In order to 
obriate this, Helmholt;! 
employed means the na- 
tme of which is made 
intelh'gible in fig. 21. This figure represents the end 
of the lever of the apparatus already descriiied, together 
with the two screws p and r/. the platinum plate and the 
quicksilver capsule ; at k are the wires connecting the 
latter with the vices. The quicksilver in the capsule 
i/y can be raised or lowered by means of the screw s. 
If the level of the quicksilver is raised so as to immerse 
the point q, and if it is then again lowered, the quick- 
silver, by adhesion, remnins hanging from the amalga- 
mated point, and is by this means drawn out in the 
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form of a thin thread, through which the current may 
pass. When, however, the muscle shortens the quick- 
Bilver is torn away, and resumes its ordinary convex 
surface; and when, on the extension of the muscle, 




the lever again sinks, though the point p again rests Q 
the platiniun plate, yet the point q remains separatij 
from the quicksilver by an intermediate air-filled a 
and the current remains permanently interrupted. 

It still has to be explained how the irritation of ti 
muscle and the closing of the tiine-deterraining ci 
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arc effected exactly at the moment of irritation. A tlear 

idea of this will be gained by examining fig. 22, in which 

the arrangement of the whole experiment is diagram- 

matically represented. The muscle and the apparatus 

I represented in fig. 20 are again shown. The muscle 

) is connected with the secondary coil of the inductive 

[ apparatus J', In the primary coil / circulates a current 

I from the chain K. This current passes through the 

( platinum plate a, and through the platinum point a'. 

} a' is attached to a lever of hard wood, a' b', and is 

pressed by a spring against the platinum plate a. At 

! other end of the lever is the platinum plate b', 

I which is connected wth the battery B. The other pole 

I of the battery is in connection with the galvanometer 

I f?, which latter i a itself connected with the quicksilver 

Mipsule of the apparatus represented in fig. 20. Over, 

• but not touching, the platinum plate b' is the platinum 

I piiint b, and this is connected with the platinum plate of 

the same apparatus by the conductive material of the 

key a, and of the wire fc*. On pressing down the key « 

by the handle, the platinum point 6 comes in contact 

with the platinum plate b', and the current by which 

' the time is to be measured is closed. At the same 

I time, however, the end a' of the lever a' b' is raised, 

I and the current of the chain K is interrupted. Tliis 

I produces an inductive ciurent in the coit J', and this 

I irritates the muscle. Irritation is, therefore, induced 

I exactly at the moment at which the time-determining 

current is Closed. 

As soon as the muscle contracts, it interrupts the 
I time-determiniug current. This, therefore, lasts from 
1 the moment of irritation to that at which the pulsation 
I commences. In this, therefore, we measure that which 
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we called the stage of Litent irritation. When, how- 
ever, weights are placed on the scale of the apparatus 
(fig. 20), the resulting deflections of the magnetic needle 
are different, and are greater in proportion as the weight 
applied ia heavier. Aa the lever connected with the 
muscle resta on, and is supported by, the plate below 
it, the weights placed in the scale-plate cannot extend 
the muscle ; they only increase the pressure of the 
platinum point p ou the underlying platinum plate. 
Before the muscle can contract after irritation, the ten- 
dency to contraction must he greater than this pressure, 
or than the tension which is esercised from below by 
the weight on the lever. As the muscle strives to draw 
up the lever, while the weight, on the other hand, draws 
it downward, the greater force obtains the mastery. It 
will be evident from what has been said that the muscle 
acquires the force with which it strives to contract, not 
suddenly, hut very gradually. At the moment at which 
thia contracting force becomes slightly greater than the 
weight applied, it ia able- to raise the lever, and in so 
doing to interrupt thu current which determines the 
time, If, in a series of consecutive experiments, heavier 
weights are each time placed in the scale of the appa- 
ratus, and if the deflections of the magnetic needle re- 
sulting from this are measured, this determioea the 
periods in wliich the muscle attains a tendency to con- 
traction equivalent to the weight. We will call this 
force the energy of the muscle. So long as the muscle 
does not contract at all^that is, throughout the stage 
of latent irritation- its energy = 0. From the periods 
which we find as the result of the appHcation of in- 
creasing weights, it appears that this energy increases, 
at first rapidly and then more slowly, reaching its majd- 
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muin in about ODS-teuth of a second. The t 
having been reached, the muscle is unable to contract 
further. The energy diminishes, and finally disappears, 
the mii»;le returning to its original condition. 

5. In the experiments described above, weights were 
connected with the muscle vhich the latter uecesaarily 
raised as soon as it strove to contract; but these veigbte 
did not act upon the muscle as long as it remained 
quiescent. It was, therefore, not weighted in the sense 
which has already been described ; for the weights at- 
tached were imable to extend the muscle. The com- 
paratively alight weight of the lever alone extended Uie 
muscle, and could be regarded as burden in the ordinary 
sense. In order to distinguish these weights, whj^ 
are without effect until the muscle strives to contract 
from weight in the ordinary sense, we will apply the 
term ' over-burden' to them. The burden of a muscle 
may be great or small. In the experimenlf; described 
above it was equal to the weight of the lever. Greater 
weights may be selected, a weight being placed upon tli<j 
scale-plate and the muM^le being then raised by means 
of the screw at the top of the apparatus, so long ai the 
platinum point p still rests on the platinum p1at«. The 
muscle is then extended by the weight applied. If 
additional weight ja added to that already on the Male- 
plate, the former acts as burden, the ]atter ai trter- 
borden. When a muscle thus circumEtaaced contracts, 
it has to lift both weights. Let us return to oar first 
scries of experiments, in which the weight = 0, or wa» 
at least very small. If more and more o^■er-burd<•n 
is gradually added, it is evident that a point will be 
reached at which the muscle will no longer be able to 
lift the weigliL This point may be very accuratdy 
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determined by inserting a chain and an electro-magnet 1 
between the vices k and fc". The electric current then 
passes through tho platinum point, the correspond- 
ing lever, the quicksilver capsule, aud the coils of the 
electro-magTiet. The latter becomes mngnetic, and at- , 
tracts an armature. As soon, however, aa the current I 
is interrupted by the contraction of the muscle, the 1 
electro-magnet sets the armature free, and the latter, 
striking against a bell, gives a signal which shows that 
the muscle has contracted. In this way even very 
minute contractions of the muscle are recogniaed. 
the weights which act as over-burden, and counter- 
balance the tendency to contraction in the muscle, are 
gradually increased, a limit is reached at which, in spite J 
of the irritation of the muscle, the current of the electn>>l 
magnet is no longer interrupted. The muscle is indeed j 
irritjited, and a tendency to contraction i 
within it ; but this is not sufficiently great to o 
tlie weight used ; and the muscle, therefore, remainB 
uncontracted. In this way the extent to which the 
tendency of a muscle to contract — or its energy, as wo 
called it, can increase — may be found. This extreme 
limit of its energy is called the force of a muscle. It 
is the same in amount as that which we theoretically 
inferred (p. 48) from the change in the elasticity of I 
a muscle during contraction. Each muscle has a defiiiit« 
force dependent on the conditions of its nourishmwit 
and on its form. On comparing the muscles of the same 
animal, it appears that the force is dependent in no way 
on the length of the muscle-fibres, but on the number 
of these fibres, or, in other words, on the diameter of ' 
the muscle ; and that the force increases in exact pro* 
portion with the diameter of the muscle. So that t 
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muscle of double thickness therefore possesses double 
force. It is usual, therefore, to refer the force to units 
of diameter of the muscle, by dividing the ffirce by the 
diameter of the muscle, and thus to calculate the force 
of a muscle of 1 square centimetre diameter.' It has 
been found that in the muscles of the frog the force, 
for a diameter of 1 centimetre, is about 2"8 to 3 kilo- 
grammes ; that is to Say, a murele of 1 centimetre in 
diameter can attain a maximum tendency to contraction 
which a weight of 3 kilogrammes is capable of resist- 
ing. This value of the force reduced to units of dia- 
meter is called the abmlute force of a muscle. 

6. An attempt has been made to determine the ab- 
solute muscular force in the case of man also. Edward 
Weber first tried to do this by an ingenious method. 
The muscles of the calf were chosen for the experiment. 
On standing upright and contracting these, the heels, 
and at the same time the whole body, are raised from 
the ground. Gymnasts call this balancing. The whole 
force of the calf-musclea of both legs is therefore gresiter 
than the weight of the body. If the body is weighted, 
a limit ia reached at which it is no longer possible to 
balance. The total weight of the body together with 
that of all the weights applied, therefore, equals the 
force of the muscles of the calf; but in calculating 
this, however, attention must be paid to the fact that 
the force and the burden do not act on the same lever. 



' Tlie Mlowing meihod, adnpled by Kd. Wcter, U used to de- 

Ifermine the diameter. Thn weight ot the muscle, which is fonnd 
by llie ntB of scales, is multiplied togolher with the apeoifia .weight 
of the muscle- substance, tlie result being the volume of the muHcle. 
The length of the muscle is then measured, and the volume is 
divided by the length, which gives tlie diumoter. 
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and that the force— tbe tension exercised by the muscle! 
of the *;nlf — acts obliquely on the lever. It is of courss 1 
impossible to determine the diameter io a living man ; 1 
it must be observed in a, dead budy of about the same j 
size a3 that of the person esperimentc-d on. 

Henke also has lately determined the value of the I 
iibsolute force of hnman muscle. He used the flexor'] 
muscles of the forearm (cf. fig. 23) to determine this.. ] 
lu the figure, a represents the upper ami, b the fore- ] 
arm — the former being in a ver.^ J 
I tical, the latter in a horizonta 
position; c represents the rausclea 
which raise or bend the forearm^l 
(There are io reality two of thesfll 
muscles, M. biceps and M, brc^~ 1 
chialie inWniua'). Supposing that | 
the muscles are stretohed, and J 
weights are placed on the hand J 
till the musciee are no lonj 
1 pable of raising the hand, then, 
' just as in the experiments with 
the muscles of frogs, equipoise is 
obtained between the tendency of the muscle to cent- | 
tract and the weight carried. Care must, however, be J 
taken that the muscles act on a long lever arm, the. J 
weight on a short one, and the weight of the fi 
itself must also be taken into consideration. Due ak>9 
tention being given to all these circumstances, and trfll 
the diameter of the muscles when drawn into actioiij,.4 
Henke calculated that the absolute force in hnman.HJ 
muscle is equal to from six to eight, kilogrammes. Ex- 
perimenting in a similar way on the feet, he found 
somewhat lower figures in that case. Weber, however. 
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Fig. 24. Dyxamomktku. 



in his results as regards the calf-muscles, found much 
lower figures. But in this case, errors in calculation 
evidently occurred, and explain the difference. 

To determine the muscles of the forearm which 
bend the fingers, a dynamometer, as represented in fig, 
24, may be used. The strong spring handle of steel, A^ 
being grasped with both 
hands, is pressed together 
with the whole strength. 
The alteration in the 
curves which is effected 
in the instrument at the 
points d and d\ is trans- 
mitted by the lever aha' 
to the index c, which indi- 
cates in kilogrammes the amount of force exercised on 
the graduated scale B, A somewhat elaborate calcu- 
lation would be necessary to find from this the absolute 
force of the muscles employed. If, however, the force 
which men are generally able to exercise with their 
hands is known, tTie apparatus may be conveniently used 
to detect occasional variations, such as occur, for in- 
stance, at the commencement of lameness and other 
diseases of the locomotive apparatus. The dynamo- 
meter has, therefore, become of importance in the in- 
vestigation of diseases. 

7. We have already observed that a muscle during 
a single pulsation attains its full force, not at once, but 
only gradually, and we have seen the w^ay in which the 
periods necessary for attaining the different values of 
the energy may be determined by means of the electric 
method of measuring time. If the muscle contracts 
freely, little or no weight being attached, it exhibits 
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this energy during each instant in the form of increase 1 
in speud which it imparts to its lower end and to the 
slight weight attached to the latter. We may now 
raise the question as to the amount of force which the 
muscle when it has already accomplished part, say one 
half, of its contraction, can still evolve. Schwann, who 
first raised the qiieation, fastened a imifscle to one end 
of the beam of a scale and attached weights to the 
other end, but supported this end in such a way that 
the muscle was not extended. He was thus able to 
determine the force of the muscle in the same way aa 
was described above with the apparatus shown in fig. 20, 
which depends on exactly the same principle. Jj. Her- 
mann repeated Schwann's experiment with this appa- 
ratus, which ia more convenient for the purpose now 
imder discussion. The unweighted, or, at least, \ 
slightly weighted, muscle having been inserted in the 
apparatus as accurately as possible, so that the platinuoi 
point p just rests on the plate, the muscular for 
determined in the way described above (see pp. 65, 67).. i 
The \-ice which carries the muscle is then lowered to A ' 
certain definite extent, say 1 mm. If the muscle ia; J 
then irritated it can become shorter by 1 nam. beftaa [ 
it pulls the lever h\ if it becomes yet shorter it mnsti. I 
raise the lever with the weights attached to it. The, 1 
weight which it can still lift after it has become shortef:'! 
by 1 mm. may thus be found. The muscie-viee ia theQ' I 
again lowered — and this is again and again repeated.^ 
A series of weight-v'alues is thus obtained which corrfr. 1 
apond with the force of the muscle during the different 
stages of its contraction. The result of the experiment. "■ 
is to show that the force of the muscle decreasea, alowljt J 
at the commencement of contraction, but afterward 
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more rapidly. The muscle having contracted as far as 
possible without any weight, it can naturally no longer 
raise any weight — its whole energy is expended. 

The interest of this experiment lies in the fact that 
it shows in a different way that which we have already 
said (p. 48) as to change in elasticity during contraction. 
For these experiments determine the weight proper to 
each length of the active muscle, so that we can also 
directly deduce from these the curves of extension of 
an active muscle, which we had previously constructed 
only theoretically. The agreement of this deduction 
with the theory, found in a different way, is an impor- 
tant confirmation of the views which we have developed 
as to the bearing of the conditions of elasticity on the 
labour accomplished by the muscle. 



rUYSIOLOOY OF MUSCLES AND SERVES. 



1. Chemical pmcesxra wltliin themnsule ; 2. Gbdf raliou of wartnth < , 
during coutraclion ; 3. Eihaustitia and recovery; i. Source of ' 
mnsde-toroe ; B. Death of the muaclei 6. Dealh-Btiffeninff i 
(Sigor mortit'). 

1. The reliitions just described between the elasticity 1 
and the work acconiplJBhed by the muscle have led as I 
to auppose that a muscle has, as it were, two natural i 
forms, one corresponding to its condition of rest, the i 
other — a shorter form - corresponding to its active con- 
dition. Irritation induces the muscle to paas from one ] 
form into the other, and in so doing it contracts. Thi».i 
is, however, rather a description than an explanation' I 
of the fact of contraction. As the muscle on contraction ^ 
is capable of raising weight, and thus of accompliBhiugf < 
work, it is necessary to inquire how this labour is 
effected. According to the law of the conservation of 
energy, the labour so accomph'shed can only come iatt^ ' 
existence at the expense of some other energy. Now, 
it can be proved that chemical processes proceed within • 
the muscle during muscular contraction, while other^' i 
which proceed even in the quiescent muscle, are in- I 
creased in degree during thia same contraction. Th» I 
mechanical work must, therefore, be aceompUshed at ' 
the expense of these chemical processes ; and it could ' 
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be proved that the amount of work accomplished corre- 
sponds exactly with these chemical changes. 

It is easy to show that chemical processes occur 
within the muscle ; but it is not so easy to determine 
these quantitatively, so that we are as yet imable to 
solve the question raised. Helmholtz long ago pointed 
out the fact that during muscular contraction such con- 
stituents of the muscle as are soluble in water decrease, 
while such as are soluble in alcohol increase. E. du Bois- 
Reymond showed that an acid — probably a lactic acid 
{Fleischmilchsdure) — is generated in the muscle during 
its activity. Quiescent muscles also contain a certain 
amount of a starch-like matter called glycogen ; and, as 
Nasse and Weiss have shown, part of the glycogen is used 
up during the activity of the muscle, and is transformed 
into sugar and lactic acid. Finally, it can be shown 
that carbonic acid is generated in the muscle during its 
contraction. All these chemical changes are capable of 
producing warmth and work. In determining whether 
the whole amount of work accomplished is referable to 
this source, yet another special difficulty exists in the 
fact that, as in other machines, warmth is also produced 
as well as mechanical work. A muscle certainly grows 
warmer during its contraction, as Beclard and, with yet 
greater certainty, Helmholtz have shown. With suitable 
apparatus it is possible to indicate an increase in the 
warmth of a muscle even during a single contraction. 

Our knowledge of the chemical constituents of 
muscle is yet very incomplete. Not only is chemistry 
as yet unprovided with adequate means of examining 
albuminous bodies, which are the chief constituents of 
muscles, but a special difficulty also exists in the great 
tendency to change in the constituent matter of living 
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muBi'lc. The methoda usually employed in chemistry T 
for the aepanition and isolation of diEFerent substancea 
are of no avail in this case, since they essentially alter 
the nature of the muscle. We must, therefore, he satis- 
fied to assume aa certain only that various albuminouB , 
bodies occur in the muscle, one of which, called myosin, I 
appears to be peculiar to muscle, and of which othera I 
are the non-nitrogenous bodies glycogcii and inosit^ 
together with a certain amount of fat and a number ofM 
salts. It appears somewhat doubtful whether lacti&:| 
acid, which is always present in the muscle, if but ii 
smiiU quantities, is to be regarded as a normal con^ 
Btituent of muscle substance, or if it ia not rather i 
product of decomposition. The" same may be said t 
the gaseous carbonic acid which, like the lactic acid, i3 
probably only formed during the activity of the muscle,T 
and also of the nitrogenous bodies, such as ereatin, which 
are present in small quantities in muscle, and which 
must probably also be regarded only as the products of 
the dissdlution of the albuminous bodies. 

2. The only conclusion to be drawn from this &ag>i 
mentary information is that part of the muscle-substanw 
unites during the activity of the muscle with oxygeife 
forming, partly carbonic acid, partly less highly oxidise 
products. That warmth is generated during these pro 
jesses of oxidation, aa we have above stated, is : 
prising. To show thia generation of warmth, HeimfaoUi 
employed the thermo-electric method. An electric ei 
rent rises in a circle composed of two different metala,e 
copper and iron, as soon aa both points of contact — tM 
points whore the metals meet or are soldered toge^flj 
— acquire unequal temperatures. The strength of tl 
current ia proportionate to the difference in temperatiu 
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and thuB, from the strength of the current, it is possible 
to determine the temperature of one point of contact 
if that of the other is known. In our case, in which it 
is not necessary to determine absolute temperatures, 
but only to show an increase in warmth, the method is 
more simple. It is only necessary to provide that the 
two points of contact have the same temperature at 
first, a condition which can be recognised by the absence 
of any cnrrent, and the additional degree of warmth ac- 
quired can then be directly calculated irom the strength 
of the current which is afterwards generated. 

Helmholta performed the experiment by placing 
the two thighs of a frog which had been recently killed 
in a closed case, after he had so arranged the metals 
which were to determine the warmth that one point of 
contact was inserted in the muscles of one thigh, the 
other in those of the other He then wait^ till the 
temperatures of both thighs became equal, so that, 
though the metals were connecterl with a sensitive mul- 
tiplier, no current was apparent. The muscles of one 
thigh were thrown into strong tetanus by introducing 
a suitable inductive current, while those of the other 

Itbigh remained at rest. The contracted muscles then 
became warmer and imparted their warmth to the 
soldered metals embedded in them j the result was an 
electric current the strength of which was measured. 
The increase in the warmth of the muscle, thus de- 
termined, was about '15 of a degree. This warmth 
may seem slight, but it must be remembered that but 
a small mass of muscle was treated, and that this 
necessarily lost a considerable part of the warmth gene- 
rated within it by radiation and by imparting it to the 
surrounding substances. 
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In orduT to form some conception of tlie amount of J 
warmth thus generated, we will assume that the specifie -I 
warmth of muscle is the same as that of water. As the [ 
greaterpartof muscle consists of water,' this assumption 1 
cannot he far wrong. By the specific warmth of a sub- 1 
stance is meant that amount of warmth wiiich is necea- 1 
sjiry to warm one gramme of the substance exactly one 1 
<legree, the amount necessary in the case of water being ^ 
regariiecl as the unit. Therefore about one nuit of 1 
warmth is requisite to warm one gramme of muscle i 
substance one degree. According to our aasumption, in J 
each gramme of muscle substance at least -IS of a unit J 
of warmth is generated. Now it is known that each I 
unit of warmth is equivalent to 424 unit-s of work, that I 
is to say, when warmth is transformed into mechanical J 
work, 424 granames cau be raised one metre by one I 
iinit of warmth. If, therefore, no warmth were set Iree \ 
from the muscle during tetanus, but if it were trans- 
formed into work, each gramme of muscle substanco 
would be able to raise 424-^0"15 gramme to the height 
of one metre. This amount, therefore, represents the 
minimum of that which is accomplished as 'internal 
work ' in the muscle during tetanus. J 

By soldering rods or strips of two metals alternately .1 
on to each otlier so that all the points soldered atan 
arranged in two planes, differences in temperature much 
more minute than those which occur during tetanus 
may be meuHured. Such an apparatus is called a thermo- 
pile. HeidenhEin had one of these made of rods cf J 

' According to a. reosnt stntemetit of Dr. Adamkiewicx, the h] 
clBc wannrh of miiscle is even gieater than tliat of water, thongli )V4 
had previoualj been sasumed that the specific warmth of wat 
greatct than that ot any other known subHtancc, with the ezcap- J 
t.ion of liyiirogen. 
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antimony and bismuth, and having covered the surface 
of each of the ends with a muscle from the lower leg 
of a frog, he ^-aited imtil both had assumed an equal 
temperature. He then by irritation induced activity 
in one muscle, and owing to the aeuBitiveness of the 
ap[)aratu8 he was not only able to determine the warmth 
arising during a single pulsation, but even to indicate 
differences in this according to the circumstances 
(burden, &c) under which the pulsation occurred. 

The law of the conservation of energy would lead 
us to expect that in cases in which the muscle ac- 
complished a greater amount of mechanical work, the 
production of warmth would be less, and vice vema. 
When weights are applied, as hurdeu, to the muscle, 
the labour i>prformed increiises, as we found, up to a 
certain point with every increase in weight. The 
generation of warmth should accordingly decrease in 
thia case. Tliis was not, however, the case in the 
experiments made by Heidenhain. As we cannot sup- 
pose that the law of the conservation of energy,' whii'h 
is elsewhere throughout nature nniversallj vulid, is 
invalid as regards muscle, we can only suppose that 
the number of chemical modifications occurring at each 
muscular pulsation is not always the same, hut that 
when greater weight is applied a larger amoimt of 
substances are consumed in the muscle, so tliat both 
the production of warmth and the work accoiiipiished 
may, though the irritant remains the same, differ 
according to the degree of tension of the muscle. On 
the other hand, it is quite in accordance with the law 
of the conservation of energy that the muscle generates 
t (Intpr- 
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the greatest amount of wavinth during tetanua, diiHiig I 
which no apparent labour is accomplished. The whole 
internal work of the muscle is in this case transformed 
into waa-mth, thus raising the temperature of the muscle- i 
anhatance ; and the amount of this warmth may, i 
have seen, be afc least approximately measured andJ 
calculated. 

3. One result of the chemical changes which occur '| 
within the muscle dlu^ng its activity, is naturally 
that part of the constituent matter of tho muscle ia- 1 
expended, other matter being deposited in its place. I 
As long as the muscle remains uninjured within th«h 
body of the animal, part of the matter thus formed »■ 
carried away, and fresh nutritive matter ia brouglit to ] 
replace the expended material. The products whit4 
arise by decomposition during the activity of tha i 
muscle may therefore be indicated in the blood of then 
animal, and from the blood they are removed from ouJ 
of the body by special excretory organs. Accordingly 
we find that the amount of carbonic acid excreted iatil 
considerably increased hy muscular laboiur, and that "T 
the other products of muscular decomposition, such aa i 
creatin and the urea arising from the latter, lacticacid, 
&c., reappear in the urine. The more abundantly 
the blood-current flows through the muscOes, the more 
quickly are the products of decomposition removed 
from the muscle. This is of course possible only ia a 
very inferior degree when the muscle has been cut out 1 
from the body. This is the reason why an extraeted { 
muscle retains its power of nctirity for but a very sfaoife 1 
time. If, for instance, such a muscle .is continuona^, [ 
tetanised, it will be found that the contraction, tbougfa,. J 
it is at first very considerable, very soon decreases i 
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finally entirely ceases. The muscle is then 
exhausted. But if it ia allowed to rest it i 
itself ao that it can again be indueed to contract. This 
recovery is, however, never complete, and with each 
repetition of the experiment it becomes more defec- 
tive, the intervals requisite for recovery becoming 
continually longer, and the muscle finally remaining 
incapable of further contraction. If the muscle is not 
tetanised, but distinct pulsations are induced in it by 
separate irritants, it retains its power of activity for a 
very long time. From this it may be inferred that a 
portion of the products of decomposition perhaps re- 
form ; or it may be assumed that the muscle contains a 
large amount of matter capable of disintegration, but 
that this is capable of only gradual decomposition. So 
long as the blood continues t^ flow throitgh the muscle, 
the products^ of decomposition are, as we have seen, 
soou carried away ; but as exhaustion occurs in this case 
also, we must draw the same conclusion, that the de- 
composable matter present can undergo decomposition 
only gradually, and that therefore in this case also 
intervals must necessarily occur between the separate 
exercises of activity. A muscle while undisturbed \i-ithin 
the organism essentially diifers from one that has been 
extracted in that in the former the expended material 
can be fully replaced. Accordingly, it is not only capable 
of again becoming active after an interval of rest, but, 
provided that the matter added exceeds that which was 
expended, it is afterward capable of performing more 
work than it was previously. To this is due the fact 
that the strength of muscle is increased by a projxT 
alternation of rest and activity. 

We have now to discover which of the substances 
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within the muscle are expended during i(^ activity^ 
As muscle coosistg principally of albuminous bodies, itl 
has been assumed that it is to the dt-composition o£ I 
these that the labour accomplished is due. We have,, i 
however, seen that non-nitrogenous bodies, such as 1 
glycogen and muscle-sugar, are also contained in the ] 
muscle, and that lactic acid, which must originate | 
from the latter, is formed during the active stats. T 
Although it is impossible to determine the products of ] 
decomposition within a single muscle, yet this may be ■ 
done in the case of the whole mass of the muscles of J 
the body during an activity of long continuance j for. I 
the products of decomposition finally pass iuto the ei- J 
cretions, and it is evident that the whole amoxmt ( 
addition to the escretions ma.y be reg 
measure of the decomposition in the active musclesJ 
The nitrogenous constituents of muscle are almost^ 
without exception excreted in the form of urea with 
the urine. At least the amount of nitrogen contained i 
in the other excretory product^s is so very small that iti.J 
may safely be disregarded. Now, the amount of mrea 1 
contained in the urine may be determined with veiy j 
great accuracy. Even when the body is in a state of.S 
complete rest — though even then a considerable amonnt'T 
of work ia performed in the body, in the action of thetl 
heart and of the respiratory muscles — -the excretion ofl 
urea depends entirely on the amount of nitrogen intro--] 
duced in food. If entirely non-nitrogenous food i 
taken, then the excretion of urea decreases to a de&nitS'l 
point, at which it remains constant for some time. I^ 
a larger amount of work is performed, a slight i 
in the excretion of urea in fact usually occurE 
amount of albumino'<s matter which must be modi&adiJ 
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within tbe bodj in order to afford this iocrease in the 
amount of urea excreted may be calculated. Now, the 
equivalent in warmth of albuminous bodies is known ; 
that is, the amount of warmth produced by tlie com- 
buHtion of a definite weiyht of albuminous matter U 
known. And, as the mechanical equivalejit of warmth 
is also known, the amount of work which could lie 
produced by these albuminous bodies binder favourable 
circumstances may, therefore, also be calculated. When 
this value in work is compared with the amount of 
work really accomplished, the figures found are always 
far too low. From this it may safely be inferred that 
the albuminous matter which undergoes combustion 
within the body is not capable of aflbrding the work 
which is performed, and we must rather assume that 
other substances also undergo combustion, and con- 
tribute to the labour performed, contribute indeed even 
the greater part of such labour. If, on the other hand, 
the amount of carbonic acid excreted by a man during 
rest is compared with that excreted during greater 
labour, the increase is foimd to he very great indeed, 
and on calculating the amount of labour which should 
result from the combustion of a corresjwnding mass of 
carbon, the amount found corresponds nearly enough 
. with that of the work really performed. 

This esperiment, therefore, shows that the muscles 
generate their work not so much at the expense of 
albuminoxis bodies as by Ihe combustion of non-nitro- 
genous matter. The addition of matter required by the 
body if it is to remain in a condition capable of labour 
must, therefore, be regulated accordingly. Hence fol- 
lows the conclusion, of the greatest importance with 
reference to the question of diet, that men who have 
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to perforin a great amount of kbonr reqoire food 
abounding in ctirbon. The opposite was formerly i 
Hitnied, the view being founded on the fact that English 
liihourers, wlio uri-, as a rule, more capable of work 
ttiiiii French pi-aaants, e:it more meat, which is a highly 
iiitrogenouB subBlancc. It used also to be pointed out 
I lint tlip larger beosts of prey, which feed exclusively 
im fluBh, aro reiiiurkable for their great muscular power. 
Ni-il.hiir instance really proves the conclusion which it | 
WU8 intended thould bo drawn from it. lu the first i 
jtlucc, an regards English labourers, more accurate ob- j 
dorvfttion of tlie food usuiilly consumed by them haa J 
nhown that, iu iiddition to meat, very considerable I 
quantiticB of fond abounding in carbon, such as bread, 
potntooB, rice, and so on, are taken. As regards the I 
boastK of prey, it is impossible to deny that they are ] 
eaptibln of vory great labour; but in this case, also, 
closer observftlion shows that the whole amount of 1 
work oocomplishcd by them is, at any rate, very gmall I 
ivliPn compared with the constant work of a draughbJ 
hofMo or ox. 

Tho rolalion of the food to the work perfonned byl 
tliQ muBclcB must evidently be regarded as similutoJ 
tlio relation borne by the fuel consumed by an enginel 
boiler t» the work performed by a steam-engine. Every- 1 
one knows that coal Ja burned under the boiler, and' ] 
that this is finally transformed into work by the ] 
clianism of the machine. The same work might bo J 
protluced by the combustion of nitrogenous matter; | 
but it would be necessary to use considerably greater I 
(|uantities. But the machine called muscle cannot be | 
driven by pure carbon ; under the conditions presented ( 
by the organism pure carton cannot be applied to the I 
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production of work, as it cannot be digested, and, owing 
to the low temperatiire of the body, cannot be oxidised. 
But combinations abounding in cjirbon, such aa are at 
Land in tbe carbon hydratea (starch, sugar, &c.) and in 
fats, are fitted for the purpose, and a given weight of 
these affords a considerabiy greater amount of work 
than can an equal weight of nitrogenous albumens. 
If, therefore, the muscle ia capable, by tbe combustion 
of tbe non -nitrogenous bodies which it contains, of ac- 
complishing labour, it is evident that this relation is 
similar to that in the case of tbe steam-engine, in which 
tbe work is accomplished by the combustion of carbon. 
It has been object-ed that the amount of non-nitro- 
, genous substance within the muscle is very small, but 
the objection is scarcely tenable. If a whole steani- 
' engine with its boiler and the coal in tbe furnace could 
I be subjected to a chemical analysis, the percentage of 
coal in tbe whole mass would of course be found to be 
I very small. But it is not by the amount of coal present 
I at any given moment that the work is performed, but by 
whole amount wliicb in the course of a considerable 
time is added little by little by the stoker. In the 
I case of muscle the blood acts the part of the stoker. 
It continually adds matter to tbe muscle, and tlie 
products of combustion resulting from labour escape 
from the muscle, just as the carbonic acid does from 
the chimney of the steam-engine. It is evident that 
the amount of carbon consumed by a steam-engino 
P might be accurately determined by collecting and 
I analysing the carbonic acid which escapes from the 
|. chimney. We proceed in exactly the same way in the 
I case of the muscle. Tlie lungs represent the chimney ; 
I the carbonic acid escaping from these may be collected. 
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and from this the amount of carbon which must be coo- 
Giimed may be calculated. Whatever does not escape 
in the form of gas during combustion remains behind 
as ash. The ash of the fire of the steam- engine is 
represented by the urea and other matter which posses 
from the muscles into the urine. The whole amouat of 
both must correspond exactly with the whole amount 
of the pnxlucta resulting from combustion withia the 
muscle. 

Although the small amount of the non-nitrogenooa 
Eubstances present in the muscle does not, therefore, 
prevent us from regarding them as the main source of ' J 
muscular la.lx)ur, yet in one point tlic machine called \ 
muscle differs from the steam-engine, which it other- J 
wise so strikingly resembles. We found that the ci- 
cretion of urea undergoes an increase, though this may 
not be very -great, when the muscular labour is 
creased. It is, therefore, e\'ident that there must be a i 
greater destruction of the chief constituents of muscle- J 
fiubstance, of the tissue of which muscle is malnlj I 
formed, and which may be compared to the melalllo I 
parts of the steam-engine. Even in the latter a wasto I 
of the metallic parts occurs ; but this is comparatively I 
very small in degree. The muscular machine is not*] 
constructed of such durable material ; during its ao- J 
tivity it, therefore, continually wastes a comparatively I 
considerable amount of its own eubstance. As the J 
matter leaves the body in a more highly oxidised form 
than it had when it was present in the muscle, warmth 
and work must also be freed during this partial com- 
bustion of the material of the machine. The muscle- 
maebine works, therefore, partly at the expense of its 
own form-element; and, if it is to work continuously, not 
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only must the main fuel, but also matter to replace the 
form-element must be constantly added. The more 
closely the composition of the food consumed corre- 
sponds with the material expended, the more complete 
will be the replacement which can occur. The expen- 
diture of non-nitrogenous substance is, as we found, 
comparatively great, so that it would be entirel}' wrong 
to try to supply the loss merely with nitrogenous matter. 
All experience in the nourishment of labouring men 
and animals fully confirms this. The addition of nitro- 
genous matter is necessary, to keep the muscles in good 
condition ; but a yet more abundant addition of carbon 
compounds, such as are afforded by the non-nitrogenous 
food materials, is required, in order to supply the neces- 
sary amount of the chief producer of labour. The 
wood-cutters of the Tyrol, who work exceedingly hard 
and with great expenditure of strength, accordingly con- 
sume an immense amount of food abounding in carbon 
in addition to a certain quantity of nitrogenous matter. 
They live almost exclusively on flour and butter. Only 
on one day in the week, Sunday, do they eat meat and 
drink beer. For six days they are limited to whatever 
they carry into the forests with them. The nature of 
the food may, therefore, be very accurately regulated 
in this case. Their power of enduring very great toil 
is principally due to the large amount of fat contained 
in their daily food. Chamois hunters and other moun- 
taineers take chiefly bacon and sugar by way of pro- 
vision on their laborious expeditions. Experience has 
taught them that these highly carboniferous com- 
pounds are especially suited to enable them to accom- 
plish great labour. Sugar is especially suitable for 
the purpose, because, being very readily soluble, it 
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passes rapidly into the blood, and is, therefore, espe- 
cially capable of rapidly replacing the expended forces. 
It is not Buitiible for a sole ormaiD food material during - 
long periods, because when a great quantity of sugar 
is introduced into the stomach it is transformed into 
lactic acid and the digestion is injured, 

5. '^Tien muscles have lain by for some time after 
their extraction from the body, a change occurs in them 
which deprives them of their capacity for contracting 
when irritated. This change intervenes yet more 
rapidly vrhen they are induced to pass into a state of 
yctivity by many repeated irritations. The time neces- 
sary for the intervention of this change varies much, 
and depends chieBy on the nature of the animal and on 
the temperature. The muscles of mammals in a tem- 
perature such as that of an ordinary room lose their 
power of contraction in as little as from twenty to 
thirty minutes j the muscles of frogs do not lose this 
power for several hours, and some from the calf-muscle of 
a frog have been observed to pulsate even for forty-eight 
hours in the temperature of an ordinary room. At a 
temperature of from 0° to 1° C. the same muscle may 
retain its power of contraction even for eight days. On 
the other hand, in a temperature of, or above, 45°, tlie 
contractile power is lost in a few minutes. Exactly 
the same happens in muscles yet remaining within the 
I.Hidy of the animal if the blood-current ceases to pass 
tJirough the body, either because of the death of tho 
animal, or in consequence of the local application of 
ligatures to the vessels. This loss of contractile power ' 
is spoken of as the death of the muscle. Muscular 
death does not, therefore, correspond in time with the 
general death of the whole animal, but it follows this 
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general death at a period varying from thirty minutea 
to several hours. 

6. On looking at the dead muscle of a frog it will be 
noticed that its appearance differs esBentially from that 
of a fresh muscle. It does not appear so transparent, is 
much duller and whiter in colour ; at the same time i( 
feeJs harder, less elastic, but is capable of greater ex- 
tension, and, finally, it is tender and easily torn apart, 
the more so the further the change has proceeded. Ex- 
actly similar changes affect the muscles of a dead body. 
This is called the death-stiffening (i-igor mortis). E. dii 
Bois-Heymond showed that on the occurrence of this 
death-stiffening the original alkaline or neutral reaction 
gives place to an acid reaction. This is probably due to 
the transformation of the neutral glycogen and inosit 
into lactic acid, which with the alkalis present forins 
acid-reacting salts. This change is the cause of the 
fiict that butcher's meat, which remains hard and tough 
if it is cooked directly after death, becomes gradually 
more tender. If the meat is allowed to lie for a time 
after death, the death-stiffening again relaxes, the sepa- 
rate bundles of fibres no longer adhere so firmly to 
each other; and when in this condition the meat is 
better adapted for preparation as food, because it is 
tender and may be more easily chewed, and because 
it offers less resistance to the digestive Juices. 

The death-stiffening in its chemical nature, there- 
fore, bears a certain resemblance to the changes which 
occur during the activity of the muscle. In the latter 
case also an acid is formed, which is, however, again 
eliminatedandcarriedaway by the blood. In the death- 
stiffening this elimination cannot occur, the circulation 
of the blood having ceased. For this reason death- 
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Btiffening intervenes much more quickly in mnscles 
which have heen strongly irritated before death, ae 
ingtance in those of hunted animals. But while the 
fonnalion of acid must always he very slight in active 
muscle, it increases greatly in muscles which have lan- 
dergone death-stiffening, and the acid acts as a relax- 
ing agent on the connective tissue which holds the 
fibres together, so that the latter separate more readily, i 
At the same time, however, another distinct change 
occurswithin themuscle-iibre. If a fresh living muscle- ' 
fibre and one that has undergone death-stiffening are 
examined under the microscope, the latter appears daU 
and opaque ; the transverse striations are narrower and 
approach more nearly together, and the contents are 
not active and fluid, as in the living fibre, but are fixed 
and broken into fragments. When unextended muscles 
undergo death-stiffening, they usually become shorter 
and thicker. In the mobile facial muscles of a dead 
body the result of this is that the lines, which imme- 
diately aft^r death were relaxed, again acquire a certain 
expression. The death-stiifening of the itmscles is the 
cause of a certain rigidity in the limbs of corpses, bo . 
that the limbs are retained in the same relative posi- 
tion in which they were at death ; and it is to thia 
circumstance that the name ' death-stiffening ' (ri^or 
mortis) is principally due. Moreover, this change docs 
not occur simultaneously in the muscles of all parts of ' 
the dead body; it usually begins in the mnscles of the 
face and neck and passes gradually downward, so that 
the muscles of the legs are the last to be affected by 
it. The relaxation of the rigidity takes place in the. 
same order. 

On account of the shortening undergone by muscles 
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during death-stiffneas it vras formerly believed that the 
latter was to bo regarded as a true contraction, as a last 
exertion of muscular force in which (he muscle took 
leave of ita peculiar capacity. There is, howevr-r, nothing 
to show that thia shortening which takes place at death, 
and which may moreover be hindered by the application 
of even a slight weight, corresponds in any way with 
the real state of activity. All the phenomena of mus- 
cular rigidity are, indeed, more fully explained by the 
assumption that aome constituent part of the muscle 
which is lifiuid in the living muscle |}ecomes fiscd or 
coagulates. Death-stiffening would accordingly be a 
process analogous to the coagulation of the blood, which 
after death or after it has been allowed to escape from 
the blood-vessels becomes firm, in consequence of the 
fact that one of ita conatituent8,tlie blood fibrous matter, 
or fibrine, secretes itself as a solid. This view of deal h- 
stitfnesa was first expressed by E. Briicke and waa after- 
ward confirmed by Kiihne, If the muacles of a frog are 
freed from all blood by injection with an innocuous 
fiuid, such as a weak solution of common salt, and are 
then pressed, a fliud ia obtained which represents part 
of the liquid contents of the muscle-fibrea. If this fluid 
is allowed to stand for aome hours in the ordinary tem- 
perature of a room, a flaky clot forms in it at the same 
period at which other musclea of the same animal 
undergo death-stififening. The expressed muscle-fluid 
is originally quite neutral ; but while the clot is forming 
it becomes continually more aciil. The resemblance of 
the process in this muscle-fluid to that in the muscle 
itself is, therefore, such as to justify the assumption 
that at the same time a coagulation, simultaneously 
with an acid-formation, takes place within the musele 
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itself, and that this coagulation represents the essentiaJ 
fact in death-stiffening. 

Death-stiffening intervenes, as we found, earlier 
in proportion as the temperature is higher. Exactly 
the eame ia the case in expressed muscle-fluid. If it 
is heated to a temperature of 45° C. it coagulates 
in a few minutes, becoming acid at the same time. 
Muscles also, if thoy are heated to a temperature of 
45° C, undergo death-stiffening in a few minutes. If 
they are still further heated, up to or above a temje- 
rature of 73° C, they contract into shapeless lumps, 
become quite Lard and white, and exhibit a iirm solid 
tissue resembling the white of eggs when cooked. 
From this it may be inferred that, besides the matter 
which coagulates during the death- stiffening, other 
soluble albuminous bodies are also present in muscle, 
and that these act as ordinary albumen as it occurs in 
blood and in eggs ; for the latter also coagulates when 
heated to 73° C It therefore appears that various kinds 
of albumen occur in muscle. That which coagulates , 
at 45°, or, though somewhat more slowly, in the or- 
dinary temperature of a room, is called myosin. It 1 
m.ay be assumed that this albuminous body is natu- 
rally soluble, but that it is rendered insoluble by the 
acids occurring within the muscle. Death-stiffening 
would accordingly be the result of the formation of 
acid. Onr knowledge on this point is, however, yet 
verj- incomplete, and must remain so until chemistry 
has afforded more full explanation of the nature of 
albuminous bodies. 



CHAPTER VI. 

1. Forms of muscle ; 2. AttBOhmcnC of inusalea to the bones; 3. 
Elostio leosioQ ; i. Smooth muscle-libres ; S. Perislaltic motion ; 
6. Volunlary and iavoliinlary molion. 

1. Tn examining the action of muBcle in the previoua 
chapters we have invariably dealt with an imaginary 
muscle the fibres of which were of equal length and 
parallel to each other. Such muscles do really eiistj 
but they are rare. When such a muscle shortens, each 
of its fibres acts exactly as do all the others, and the 
whole action of the muscle is simply the sum of the 
separate actions of all the fibres. As a rule, however, 
the structure of muscles is not so simple. According 
to the form and the arrangement of the fibres, anatomists 
distinguish short, long, and fiat muscles. The last- 
mentioned generally exhibit deviations from the ordinary 
parallel arrangement of the fibres. Either the fibres 
proceed at one end from a broad tendon, aud are directed 
towards one point from which a short round tendon 
then effects their attachment to the bones {fan-shaped 
muscles); or the fibres are attached at an angle to a 
long tendon, from which they all branch off in one 
direction (semi-pennate muscles), or in two directions 
like the plumes of a feather (penuate muscles). In the 
radiate or ian-shaped muscles the pull of the separate 
parts takes effect in diS'ereiit directions. Each of these 
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pirts may act separately, or all may work together; and 
in the latter case they combine their forces, as ia inva- 
riablythB casevdth forces acting in different directions, 
in accordance with the so-called par^Ielogram of forces. 
Aa an example of this sort of muscle the elevator of the 
upper arm — which was before alluded to in the second 
chapter, and which on account of its triangular Bhape is 
called the deltoid muacle^may be examined. Contrac- 
tions of the separate parts realty occur in this. When 
only the front section of the muscle contracts, the arm is 
raised and advanced in the shoulder socket ; when only 
the posterior part of the muscle contracts, the arm ia 
raised backward, Wlien, however, all the fibres of the 
muscle act in unison, the action of all the separable forces 
of tension constitute a diagonal which results in the 
lifting of the arm in the plane of its usual position. 

In some semi-pennate and pennate muscles the line of 
imion of the two points of attachment does not coincide 
with the direction of the fibres. When the muscle con- 
tracts each fibre exerts a force of tension in the direction 
of its contraction. All these numerous forces, however, 
produce a single force which acts in the direction in 
which the movement is really accomplished, and the 
whole action of the muscle is the sum of these separate 
components, each derived from a single fibre. In 
order to calculate the force which one of these muaclea 
can exert, as well as the height of elevation proper to 
it, it would be necessary to determine the number of 
the fibres, the angle which each of these makes, with 
the direction finally taken by the compound action, ks 
well as the length of the fibres— these not being always 
equaL This task if only carried out in the case of a single 
muscle would be a very great test of patience Fortu- 
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tiately no siicb tedious calculations are requiaite for our 

purpose. The force may be directly determined by ex- 
periment in the case of many muscles, by the method 
already described in Chapter IV, § 6 ; the height of 
eleyation possible under the conditions present in the 
body may be yet more easily found ; and as regards the 
work which the muscle is able to perform, it makes no 
difference whether the fibres are all parallel and act in 
their own direction, or if they form any angle with the 
direction of work,' 

2. The direction in which the action takes effect 
does not, however, depend only on the structure of the 
muscle, but chiefly on the nature of its attachment to 
the bone. Owing to the form of the bones and their 
sockets, the points of connection by which the bones 
■ are held together, the bones are capable of moving only 
within certain limits, and usually only in certain direc- 
tions. For instance, let ns watch a true hinge-socket, 
such as that of the elbow, which admits only of bending 
and stretching (c/. ch. ii. § 4). As in this case, the 
nature of the socket la such that motion is only possible 
in one plane, the muscles which do not He in this plane 
can only bring into action a portion of their power of 
tension, and this may be found if the tension exercised 
by the muscle is analysed in accordance with the law 
of the parallelogram of forces, bo as to find such of the 
component forces aa he within the plane. 

It is different in the case of the more free ball- 
sockets, which permit movement of the bona in any 
direction within certain limits. When a socket of this 
sort is surrounded by many muscles, each of the latter, 
if it acts alone, sets the bone in motion in the direction 
■ See Notes and Additiona, No 2. 
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of its ovm action. If two or more of the muscles as- 
sume a state of activity at the same time, then the action 
wiLl be the resultant of the separate tensions of each, 
and this may also be found by the law of the parallelo- 
gram of forces. 

There ia yet another way in which the work per- I 
formed by the muscles ia conditioned by their attach- 
ment to the bones. The latter must be regarded aa 
levers which turn on axes, afforded by the Hocbets. 
They usually represent one-armed, but sometimes two- 
armed levers. Now, the direction of the tension of 
the muscles is seldom at right angles to that of the 
moveable hone lever, but is usually at an acute angle. 
In this case, agiiin, the whole tension of the muscle 
does not take effect, but only a component, which ia at 
right angles to the arm of the lever. Now, it is notice- ■ 
able that in many cases the boues have projections 
or protrusions at the point of the attachment of the 
muscles, over which the muscle tendon passes, as over 
a reel, thus grasping the bone at a favourable angle i 
or, in other cases, it is found that cartilaginous or braiy 
thickenings exist in the tendon itself (so-called sesam- 
oid bones), which act in the same way. The largest of 
these sesamoid bones is that in the knee, which, in- 
serted in the powerful tendon of the front muscle of 
the upper thigh, gives a more favourable direction to 
the attachment of this tendon than there would other-. 
wise be. 

Sometimes the tendou of a muscle passes over aa 
actual reel, so that the direction in which the musde- 
fibres contract is entirely different from that in whicli 
their force of tension acts. 

.1. The last important consequence of the attach- 
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menl of tlie muscles to the bones is the extencioii tJius 
effected. If the limb of a dead body is placed in the 
position vhich it ordinarily occupied during life-, and if 
one end of a miLscIe is then separated from its point 
of attai:bment, it draws itself back and beicomes shorter. 
The same thing happens daring life, as is obserrable in 
the operation of cutting the tendons, as practised b; 
surgeons to cure curvatures. The result being the same 
during life and after death, this phenomenon is evi- 
dently due to the action of elasticity. It thus appears 
that the muscles are stretched bjreasonof their attach- 
ment to the skeleton, and that, on acconnt of their elas- 
ticity, they are continually striring to shorten. Now, 
when several muscles are attached to one bone in such 
a way that they pull in opposite directions, the bone 
must assume a position in which the tension of all the 
muscles is balanced, and all these tensions must com- 
bine to press together the socketed parts with a certain 
force, thus evidently contributing to the strength of the 
socket coimection. When one of these muscles con- 
tracts, it moves the bone in the direction of its own 
tension, but in so doing it extends the muscle which 
acta in an opposite direction, and the latter, because of 
its elasticity, offers resistance to the tension exerted by 
the first muscle, so that as socm as the contraction of 
the latter is relaxed the limb falls back again into its 
original position. This balanced position of all the 
limbs, which thus depends on the elasticity of the 
muscles, may be observed during sleep, for tLen all ac- 
tive muscular action ceases. It will be observed that 
tbe limbs are then generally slightly bent, so that they 
form very obtuse angles to each other. 

Not all muscles are, however, extended between 
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bones. The tendona of some pass into soft structures, 
such as the muscles of the face. In this ease also the 
difterent muscles exercise a mutual power of extension, 
though it is tut slight, and they thus effect a definite 
balanced position of the soft parts, as may be observed 
in the position of the mouth-opening in the face. If 
the tension of the muscles ranged on both sides is not 
equal, the mouth opening assumes a crooked position. 
This happens, for example, when the muscles of one 
half of the face are injured ; and it thus appearB that in 
this case the elastic tension is too weak to allow of the 
retention of the normal position of the mouth. 

In muscles attached to bones the elastic tension is, 
however, much greater, a circumstance which naturally 
exercises an influence on their action during contrac- 
tion. 

4. As yet attention has only been piiid to one kind 
of muscle-fibre, that which from the very first we dis- 
tinguished as striated fibre. There is, however, as we 
have seen, another kind, the so-called smooth muBcle- 
fibre. These are long spindle-shaped cells, the ends of 
which are frequently spirally twisted, and in the centre 
of which exists a long rod-shaped kernel or nucleus, 
UnUke striated muscle, they do not form separate mus- 
cular masses, but occur scattered, or arranged in more 
or less dense layers or strata, in almost all organs.' 
Arranged in regular order, they very frequently form 
widely extending membranes, especially in such tube- 
shaped structures as the blood-vessels, the intestine, 

' An inatance oE a consideruble aocumululion i>l rmoolli moBole- 
fibrca U afforded by the rnuBcle-ponch ol birds, wliich, with the ei 
ccplion of the outer aud inner skin coverings, cocaiHla Bolely of tLei 
fibres collected in exlcnaive Ittyera. 
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<&c., tbe valla of which are composed of these smooth 
muBcle-fibreB, In such cases they are usually arranged 
in two payers, one of which consists of ring-Bhapcd fibres 
surrounding the tube, while the other consists of fibres 
arranged parallel to the tube. When, therefore, these 
muscle-fibres contract, they are able both to reduce 
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the circumference, and to shorten the length of the 
walls of the tube in which they occur. This is of great 
importance in the case of the smaller arteries, in which 
the smooth muscle-fibres, arranged in the form of a 
ring, are able greatly to contract, or even entirely to 
close the vessels, thus regulating the current of blood 
through the capillaries. In other cases, as in the in- 
testine, they serve to set the contents of the tubes in 
motion. In the latter cases the contraction does net 
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take place Himiiltaneously tliroughout the length of tba 
tube J but, commencing at one point, it continually 
propagates itself along fresh lengths of the tube, so that 
the contents are slowly driven forward. The principal 
agents in this are the circularly arranged fibres, which 
at one point completely close the tube, while, by the 
contraction of the longitudinal fibres, the wall of the 
tube is drawn back over its contentB, thus providing for 
the propulsion of the contents. This is called peri- 
staltic motion. It takes place along the whole of the 
digestive canal, from the throat to the other end, and 
in this caae affects the forward motion of the food, as 
also, finally, the espidsion of the undigested residue. 

3. Peristaltic motion may be very well observed by 
laying bare the throat of a dog, and then placing water 
in the mouth of the animal, so that the motion of swal- 
lowing takes place. It may also be seen in the intes- 
tines when laid bare, as also in the urinary duct, in 
which each drop of urine leaving the kidneys produces 
a wave which propagates itself from the kidneys to thj* 
urinary bladder. Such movements may also be artifi- 
cially elicited by mechanically or electrically irritating 
some one point of the intestine, urinary duct, or other 
such part, or hy irritating the nerves appropriate to 
these parts. The most striking feature is the slowoeeB 
with which these motions take place. Not only does a 
long time, observable without any artificial aid, elapse 
after the application of the irritant before the motion 
begins, but, even if the irritation is sudden and in- 
stantaneous, the motion excited at one point passes 
along very gradually, slowly increasing up to a definite 
point, and then again gradually decreasing. This slow- 
ness of motion essentially distinguishes smooth from 
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atrisited muscle- 6 bres. But, as we know, this is not a 
distincfion of kind, but only one of degree; for we 
found that in tbe case of striated muscle also there is 
a stage of latent irritation, then a gradually increas- 
ing, and then again a gradually decreasing contraction. 
But that which in striated muscle occupies but a few 
parts of a second, in smooth muscle-fibres occupies a 
period of several seconds. No artificial aid is, there- 
fore, required in this case to distinguish the separate 
stages. At present, research into the nature of smooth 
muacle-fibre has not resulted in the acquirement of more 
than this somewhat superficial knowledge. Owing espe- 
cially to the difficulty of isolating the fibres, and to the 
rapidity with which they lose their irritability when 
separated from the body, it is very difficult to esperi- 
t with them. It is especially not yet clear by what 
means the transference of the irritation arising at one 
point to the other part is effected. The transference 
never occurs in the ease of striated muscle. If a long, 
thin, paralk-l-fibred muscle is separated out on a glass 
plate, and a very small part of it is then irritated, the 
irritation immediately propagates itself in a longitudinal 
direction in the muscle-fibre immediately touched. It 
is impossible to produce contraction in a striated muscle- 
fibre only at one point in its length, at least while the 
muscle-fibre is fresh. In dying muscle-fibres such local 
contractions do indeed occur. Each separate muscle- 
fibre, therefore, forms a closed whole in which the con- 
traction excited at one point spreads over the whole 
fibre. The speed with which it spreads within the 
fibre has even been measured. As the striated muscle- 
fibre in contracting becomes also thicker, a small light 
lever, if attached to the fibre, is somewhat raised, 
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and this rise caa be indicated on a rapidly-moving 
myograph plate. If two of these small levers are 
placed near the ends of a long muscle, and one of the 
ends is then iiritateil, the nearer lever is first raised, 
the more remote not till later. This difference may be 
read off the plate of the myograph, and thus the 
speed of the propagation from one lever to the other 
may be calculated. Aeby, who tirst tried this experi- 
ment, found that the speed was from one to two metres 
in the second, or, in other words, that a contraction 
excited at one point of a muscle-fibre requires a period 
of from about ^^ to -j-J-j of a second to advance one 
centimetre. More recent measurements by Bernstein 
and Hermann show the higher value of from three to four 
metres in the second. On the death of the muscle, 
the rate of propagation becomes continually less, finally 
ceasing entirely in muscles which are just about to pass 
into a state of death-stiffoess, bo that on irritation only 
a slight thickening is seen at the point directly irritated, 
and this does not propagate itself. Under all circum- ■ 
stances, however, the excited contraction is confined to 
the fibres which are themselves actually irritated, the 
neighbouring fibres remaining perfectly quiescent. In 
smooth muscle-fibres, however, it is found that the 
contractions excited at one point propagate themselves 
in the adjacent fibres also. The marked distinction 
which thus appears to exist between smooth and striated 
muscles would, it is true, disappear if the views of 
Engelmann, resulting from his study of the urinary 
duct, are confirmed. According to that writer, the 
muscular mass of the urinary duct does not consist 
during life of separate muBcle-iibre cells, but forms 
a homogeneous connected mass which only separates 
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into q)mdle-shaped cello at death. If tLia view could 
also be extended to the smooth muscle masses of other 
parta, a real connection would exist throughout the 
muscle-membranes, and the phenoineua of the propaga- 
t ion of irritation would admit of a physioIogiciJ explana- 
tion. 

6. As a rule, such parts as are provided only with 
smooth muscle-fibrea are not voluntarily movable, while 
striated muscle-fibres are subject to the will. The latter 
have, therefore, been also diatingiiished as voluntary, 
the former as involuntary muscles. The heart, however, 
exhibits an exception, for, though it is provided with 
striated muscle-fibres, the will has no direct influence 
upon it, its motions being exert.ed and regulated inde- 
pendently of the will.' Moreover, the muscle-fibres of 
the heart are peculiar in that they are destitute of aar- 
colemma, the naked muscle-fibres directly touching each 
other. Tliis is so far interesting that direct irritations, 
if applied to some point of the heart, are transferred 
to all the other muscle-fibres. In addition to this, 
the muscle-fibres of the heart are branched, but such 
branched fibres occur also in other places, for example, 
in the tongue of the frog, where they are branched like 
a. tree. Smooth muscle-fibres being, therefore, not sub- 
ject to the will, are caused to contract, either by local 
irritation, such as the pressure of the matter contuined 
within the tubes, or by the nervous system. The con- 
tractions of striated muscle-fibres are effected, in the 
natural course of organic life, only by the influence of 
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the nerves. We must now, therefore, examine the 
characters of nerves, after which we shall try to explain 
the nature of their influence on muscles. 

It must also be observed that the distinction between 
striated and smooth muscle-fibres is not absolute ; for 
there are transitionary forms, such as the muscles of 
molluscs. The latter consist of fibres, exhibiting to 
some extent a striated character, and, in addition to 
this, the character of double refraction. At these points 
the disdiaclasts are probably arranged regularly and in 
large groups, while at other points (as in true smooth 
muscle-fibres) they are irregularly scattered and are 
therefore not noticeable. 



CHAPTER Vir. 

1. Nerve-fibres and nerve -06118 ; 3. Irritability of nerve-fibre; 
3. [TiansmiBsion of the irrltatian; 4. Isolated trausmiasion ; 
B, Irrilabilitj ; 6. The curve ot irritability; 7. Exhaustion and 
recover)', death, 

1. In tte body of an animal neryea occnr iu two forms : 
eitlier as separate delicate cords whicli divide into many 
parts and distribute themselves tbroiigbout the body, 
or collected in more considerable masses. The latter, 
at least in the higher animals, are enclosed in the bony 
cases of the skull and vertebral colmnn, and are called 
nerv&-centres, or ceRbul organs of the nervous system ; 
the nerve-eorda pass from these centres to the most 
distant parts, and are spoken of as the penpkeric nerve- 
BT/atem. When examined under the microscope these 
peripheric ner\-es are seen to be bundles of extremely 
delicate fibres united into thicker bands within a mem- 
brane of connective tissue. Each of these nerve-fibres 
when exaroined in a fresh state, and enJarged 250 or 
300 times, is exhibited as a pale yellow transparent 
fibre iu which no further differentiation is visible. The 
appearance of the fibre soon, however, changes ; it be- 
comes less transparent, and a part lying along the axis 
becomes marked off from the circumference. This inner 
' part 19 usually flat and band-like, and when seen under 
I a higher power exhibits a very minute longfitudinal 
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Btriation, as though it were formed of very delicate 
fibriUje, or small fibres. It is called the axis-band, or 
axis-cylinder. The outer part has a crumpled appear- 
ance, and oozes at the t-ut ends of the nerve in drops 
which soon coagulate; it is ealleJ the medullary, n 
Tnarrow-aheith. The naeduUary sheath entirely sur- 
rounds the axis-cylinder ; as, however, when in a fresh, 
uncoagulated condition, it re- j 
fractslightinexactlythesame . 
way aa the axis-cylinder, it , 
is undistingiushable from the I 
latter, nor do the two become 
really separately visible tilt 
I aftfir the coagulation of the j 
marrow. The medullary- ] 
sheatli and the axis-cylinder 1 

further enclosed i' 
tough elastic tube, which is J 
called the neurilemma at l 
ne:rve~nkeath. 

These three parts are aoCi 

present in all peripherifi:4 

r«im lartiaii^ •'^''^^''' Sonie of the tatt^l 

.um,m,a«a»y..= ,u.duimo-.i™th. j^^^g ^^ mcdullary sheath,! 

and are, therefore, axia-cylinders immediately but- I 
rounded by the nerve-sheaths. When many nerv^ 1 
fibres are united into a bundle, these raarrowless fibres / 
are grey and more transparent, and are therefore some- 1 
times called grey nerve-fibres. Those nerve-fibres whic^ I 
have medullary sheaths appear more yellowish white. If j 
the nerves are traced to the periphery, more and moref 
nerve-fibres are continually found to branch off fromJ 
a stem, bo that the branches and branchletoa 
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gradually become thinner. At last only separate fibres 
are to be seen, these being, however, still in appearance 
esactly like those constituting the main stem. Such 
fibres as up to tiis point have had medullajy sheaths 
now frequently lose them, and therefore become exactly 
like grey fibres. The axis-cylinder itself then some- 
times separates into smaller parts ; ho that a nerve-fibre, 
thin as it ia, embraces a very large anrfece. The ends of 
the nerve-fibres are connected sometimes with muscles, 
sometimes with glands, and sometimes, again, with 
peculiar terminal organs. 

In the central orgn.nsof the nervous system many 
nerve-fibrea are found which are in appearance in- 
distinguishable from those of the peiipheric system. 
There are fibres with axis-cylinder, medullary sheath, 
and neurilemnia, others without medullary sheiith, and, 
finally, others in which no neurilemma can be detected, 
and which niay therefore be described as naked axis- 
cylinders. But, besides these, very delicate fibres, far 
finer tlian the asis-eylinders, occur. The central organs 
of the nervous system are however especially marked 
by the abundant occurrence of a second element, which, 
though it is not altogether unrepresented in peripheric 
nerves, yet is only found in the latter distributed in a 
. few places, whilst in the central organs it constitutes 
an important portion of the whole mass. This consists 
of certain cell-hke structures called nerve-ceUs, or gamr- 
glioTiH:dls. In each ganglion-cell it is possible to dis- 
tinguish the cell body, and a large kernel {iiudeua) 
within this; within the kernel, a smaller kernel (nv.- 
deolus) may also frequently be distinguished. Some 
ganglion-cells are also surrounded by a membrane 
which occasionally passes into the neurilemma of 
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nerve-fibres, which are connected with the cell. The \ 
kernel is finely granulated and is composed of a pro- 
toplasmic mass, which, when 
heated, or euhjected to certain i 
other in8nences, becomes dull i 
and opaque, hut which in a fresh *! 
condition is usually somewhat 1 
transparent. The form of the 
ganglion -cells is very variable. 
I Bometimes they appear almost 
globular ; in other cases they 
are elliptic ; others, again, are 
irregular, provided with numer- 
ous offshoots. Most ganglion- 
cells have one or more project- 
ing processes ; some are, indeed, 
found without processes, but it 
is certain that this condition is 
merely artificially produced, the 
processes having been torn off 
during the preparation of the 
gangUon - cell. Ganglion-eella I 
are occasionally inserted in iha ] 
course of the nerve-fibres, 
that the processes differ in no , 
way from other ner\'e-fibres, as 
is shown in fig. 27. In the gan- 
glion-cells of the dorsal marrow, 
which have many processes, 
sunie of these appear exactly 
like the rest of the cell body — 
that is to say, they are finely granulated; these are j 
called protoplasmic processes. On the other hand, in ' 
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almost every cell a process may be distingiiisljed which 
is altogether distinct in appearance from the rest. Tlie 
protoplasmic processes become gradually finer and sepa- 
rate into more parts, and the processes of neighbouring 
cells are partly connetted together. But the one pro- 
cess which is distinguishable frona the rest passes along 
for a certain distance as a cylindrical cord, and then, 
suddenly becoming thicker, it encases itself in a me- 
dullary sheath, and in appearance entirely resembles 
the medullary fibres of the peripheric system. It ia 
extremely probable, although it is hard to prove it with 
certainty, that a fibre of this sort passing out of the 
dorsal marrow is directly transformed into a peripheric 
r oerve-fibre, while the protoplasmic processes continu- 
ling on their course within the central organ serve to 
fctmnneot the ganglion-cells. 

The nerve-system, the main parts of which we have 
■■thus roughly examined, effects the motions and sensa- 
K'tions of the body. These qnalitios belong, however, 

■ mainly to the central parts, in which ganglion-cells 

■ Occur. The peripheric nerve-fibres act merely as con- 
i ducting or transmitting apparatus to or from the 

■ central organs. Before examining the peculiar action 
I of the central nervous system, it is desirable to devote 
I some attention to this conducting apparatus and to dis- 
I cover its nat ure. 

2. On exposing one of the peripheric nerves of a 

Bjiving animal and allowing irritants to act upon this, 

"a the way which was described in the case of muscles, 

^two effects are usually observable. The animal suffers 

in, which it expresses by violent motion or cries, and, 

; the same time, individual muscles contract. On 

icing the irritated nerve to the periphery, it will be 



108 



PHYSIOLOGY OF MUSCLES AND SERVES. 



I 



found tbat certain of its fibres unite with those nmscles 
whicli pulsated. We already know that the other end 
of the nerve ia connected with the nerve-centre. If 
the nerve is cut at a point between the irritated 
spot and the nerve-centre, the muscular pulsation 
occurs as before ou the re-application of the irritant, 
but the sensation of pain is absent. If, on the other 
hand, the nerve is cut at a point nearer the periphery, 
no muscular pulsation results from irritation, but pain > 
is felt. It thus appears that the peripheric nerves, | 
when irritated at any point in their course, are able to i 
cause effects both at their central and peripheric ends, ( 
provided that the conductive power of the nerves r&- 
mains uninjured in both directions. This enables ua I 
to study more closely the action of the nerves on tha 
muscles, by extracting and preparing a portion of tha i 
nerve witb its muscle, in an uninjured condition, and: 1 
then subjecting this nerve to further research. 

That a nerve is irritable, in the same sense s 
found that the muscle was, is already shown by then I 
preliminary experiments. But while it was possible j 
to observe the effects of the irritation on the r 
directly, the nerve does not exhibit any immediate 1 
change, either in form or appearance. Even und^ the I 
strongest microscopic power nothing is discernible, andJ 
it would be impossible to know if a nerve is in any wa^ fl 
irritable if the muscle which occurs at one end of Sb* 
did not show by its pulsation that some change musttl 
have occurred within the nerve. The muscle is there- J 
fore used as a re-agent to teat the changes in the netVft 1 
itself. The requisite experiments may be either with'.J 
warm-blooded or with cold-blooded animals. As, hoi 
ever, the muscles of warm-blooded animals, whenwitbJ 
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drawn from the iofluence of the circulation of llie blood, 
Bfjon lose their power of activity, the nerves and muscles 
of frogs are preferable for these experimeuts. The 
lower part of the thigh of a frog, with a long portion of 
the sciatic nerve, which is very easily separable up to 
the point where it emerges from Iho vertebral column, 
is best suited for this purpose. In some cases it is 
better to use only the calf-musele with the sciatic 
nerve ; the muscle must be fastened in the same way 
as in the former experiments, and its contractitjns must 
be made evident by use of a lever. 

If the muscle, thus fastened, is pinched at any point, 
in its course it pulsates. The same result follows if a 
thread is passed round the nerve, and the latter is thus 
constricted, or if a small piece is cut from the nerve 
with a pair of scissors. These are mechanical irrit- 
ants which act on the nerve. Pulsation will, however, 
also be seen if Ihe nerve is smeared with altaline 
, matter, or acid^these are chemical irritants, A por- 
tion of the nerve may be heated j that is, it may be 
thermically irritated. In all these cases, the nerve at 
the point irritated, immediately, or, at least very soon, 
loses its cajiacity for receiving irritation. But if the 
nerve is placed on two wires, by means of which an 
electric current is passed through one point in the 
nerve, it may, in this way, be repeatedly electrically 
irritated without its irritability being immediately de- 
I stroyed. It therefore appears that, in this respeet, a 
nerve acts exactly as does a muscle. If a constant 
electric current is applied, the result is usually a pul- 
[ sation on the closing and the opening of the current, 
j but sometimes a lasting contraction ensues while the 
I current flows through the portion of the nerve. If 
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inductive shocks are applied, each separate shock pro- 
duces a muscular pulsation, and if many separate in- 
ductive shocks are applied to the nerve, the muscle 
passes into a state of tetanus. These inductive sbocka 
must be applied to the nerve at some distance from 
the muscle. Each inductive shock induces a muscu- 
lar pulsation. On cutting the nerve with a pair of 
scissors, between the point irritated and the muscle, 
all influence upon the muscle ceases. It is useless to 
plnce two cut surfaces together, even with the greatest 
care ; they may adhere, and the nerve, when super- 
ficially examined, may appear uninjured, but irritants 
applied above the point of section cannot act through 
the nerve upon the muscle. The same thing occurs if 
a thread, passed round the nerve, is drawn tight be- 
tween the point irritated and the muscle. The thread 
may be removed, but the crushed spot proves an im- 
passable barrier to all influence on the muscle. If, 
however, the wires are moved and the inductive cur- 
rents are apphed to another point below the cut or the J 
constriction, the action at once recommences. 

3. The conclusion to be drawn from these eiperi- 
ments is, eitlier that the nerve, even if only a small -' 
portion of it is irritated, passes at once into an active 
condition throughout its entire length as far as the 
muscle, or that the irritant acts directly only on the 
spot immediately irritated, and that the activity which 
is excited in the nerve at this point propagates itself 
along the fibres until it reaches the muscle in which it 
causes a contraction. If the latter view is correct, it 
must also be inferred that any injury to the nerve-fibre 
prevents the propagation of the activity in the latter j 
and it may also be deduced from the esperiments with 
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the constricted nerves, that even if the ncrve-sheath is 
in no way injured, the crushing of the contents of the 
nerve is in itself sufficient to prevent propagation of 
the activity. It can be shown that this latter view 
of the nature of the case ia actually correct. For it is 
possible to determine the time which elapses between 
the irritation of the nerve and the commencement 
of muscular pulsation. For this purpose the same 
methods are applicable as we employed in the case 
of muscles. Electric measurement of time, or the 
myograph represented in fig. 17, may be usrd for this 
purpose. As however in the present case the jioint to 
be determined is, not the form of the muscle-curve, 
but the moment of its commencement, duBois-Reymond 
simplified the apparatus so that the curve ia drawn on 
a fiat plate, which is pushed forward by spring power. 
Fig. 28 represents the apparatus. It stands on a strong 
cast-iron stand from which rise the two massive brass 
standards A and B. A light brass frame carries the 
indicating plate, which is of polished looking-glass, 
160mm. in length by 50 mm, in breadth. The frame runs 
with the least possible amount of friction on two parallel 
steel wires stretched between the atandards. The dis- 
tance between the standards is equal to twice the length 
of the frame, ao that the whole length of the plate passes 
ara-osM the indicating pencil when the frame is pushed 
from standard to standard. Bound steel rods are fastened 
to the short sides of the frame ; and these rods in length 
somewhat exceed the path along which the frame passes, 
and they then pass, with as little friction as possible, 
I through holes in the standards A and B. The end 6 of 
one of these rods is surrounded by a steel spring. By 
compressing this between the standard B and a knob on 
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t.he end of the rod, and thus driving tlie frame with the 1 
rods from B to A, in a direction opposite to that of the 
arrow on the indicating plate, a point is reached at 
which the ' trigger' which is seen on the standard A, 
and which acts upward, fits into a corresponding notch J 
in the rod at a, thus preventing the re-extension of thft I 
spring. It therefore remains compressed till pressure 1 




on the trigger frees the frame, which then traverses tlw 1 
whole length of the wires at a speed depending on tli6" J 
strength of the spring, &c., in the direction from il to A^ 1 
that indicated by the arrow. 

In order to describe the muBcle-pulsafion on thif3 
plate, side by side with it there is a lever with UL'f 
indicating pencil, such as was used in the former ex-' j 
periment, to indicnte the height of muscular elevation: J 
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^^Hand the elastic extension (see fig. 8, p. 26), Tliia part 

^^H is omitted in fig. 2S, in order to make the indieating 

^^H||)lat{; more visible. The rate at which the plate flies 

^^Hfi'om A to £ at first inereasee up to the point at which 

^^B$he spring exceeds the position in which it was when at 

^^Krest. When the frame is in the position corresponding 

^^Bivitb this point, a projection d, which is situated on the 

^^Hlower edge of the fnune, strikes the lever h and thus 

^^H opens the main cnirent of an inductorium, b; which an 

^^Hindnctive current is caused in the secondary coll of tlie 

^^KSnductoriuni ; and this traverses and irritates the muscle. 

^^HThe result of this is th.'it the muscle is irritated exactly 

^^Hat the moment at which the glass plate assumes a 

^^Kdefinite position relatively to the indicating pencil of 

^^Hthe lever. If the glass plate is first pushed toward A, and 

^^^ns then slowly pushed toward B, until the projection d 

^^Bjuat touches the lever, and if the muscle is then caused 

^^Hto pulsate, the indii'ating pencil, being raised by the 

^^V pulsation, describes a vertical line, tbe height of which 

I represents the height of elevation of the muscle. If 

the glass plate is again brought buck to A, and, by 

pressing the trigger, is then caused to fly suddenly and 

with great speed toward B, then the irritation of the 

muscle will occur when the glass plate is in exactly the 

same position, the indicating pencil standing exactly 

at the vertical stroke before described. The muscular 

pulsation thus produced will, however, in this case be 

iniliVntnd oQ thc Tapldly moving glass plate, with the 

e giving, not a simple vertical stroke, but a 
ne. The distance of the point of comtneuce- 
:>m the vertical stroke expresses the latent 
I. 
istead of irritating the muscle itself, a point 
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ill the nerve ia exposed to the irritation, the mnscle 
this ease also describes the curve of its pulsation 
the rapidly moved plate of the myograph. Arranging 
matters so that two curves of pulsation are allowed 
to describe themselves in immediate sequence, but with 
tJie difference that the nerve ia irritated in one case at 
a point near the muscle, but in the other case at a 
point far from the muscle, two curves will be obtained 
on the plate of the myograph, which will appear ex- 
actly alike but yet will not cover each other. On the 
contrary, they are everywhere somewhat, separated 
from each other, as is shown in figure 29,' In this 
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6gure, a 6 c is the curve first described, on irritatioa 
of the nearer portion of the nerve ; in order to dis- 
tinguish it from the other it ia marked by small nicte f 
a' h' c' represents the curve indicated immediately _after 
the former, but obtained as the result of the irritation 
of a portion of the nerve remote from the muscle. The 
second curve is seen to be somewhat separated from the 
other; it does not commence so soon after the moment 
of irritation (which isindicatedby the vertical strobe o); 
that is, a longer time elapsed between the moment of 

' Till! curves in tig. 20 wore describeil ivLcn Ihu glass plale 
moveii more mpidly. so that lliey appear more exieiided than those 
rppreacnled in (igure 18. 
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■ Irritatiun and the pulsation of the muscle iu tlic latter 
case tlian in the former ; and this difference evidently 
depends only on the fac-t that in the latter case the 
excit.ement within the nerve had to traverse a longer 
I distance, and therefore reached the muscle later, so 
P that the pulsation did not begin till later. 
P This time may be measured, if the rate at which 
the plate moved is known ; or if simultaneously with 
the muscle-pulBiition the vibrations of a tuning-fork 
are allowed to indicate themselves on the phite. From 
the time thus found and from the known distance 
^ between the two irritated points of the nerve, the rate 
at which the excitement propagates itself along the 
j nerve may be ctdculated. Helmholta, on the ground 
L of his experiments with the nerves of frogs, found it to 
I be about 24 m. per second. It is not, however, quite 
I constant, but varies with the temperature, being greater 
j in higher and leas in lower temperatures. It has also 
I been determined in the case of man. If the wires of 
I the inductive apparatus are placed on the uninjured 
I human skin, it is possible, as the skin is not an isolator, 
* to excite the underlying nerves, especially where they 
are snperficially situated. On thus irritating two points 
in the course of the same nerve, the resulting pheno- 
mena are exactly the same as those just observed in the 
B of the nerves of frogs. In order to determine the 
mencemcnt of the muscle pulsation in the un- 
fenjured human muscle, a light lever is placed on the 
tnuscle in such a way that it is raised by the thickening 
(of the latter. Experiments of this kind were made by 
jHelmholtz with the muscles of the thumb. The appro- 
jriate nerve (n, Tiiedianns) may be irritated near the 
rist and near the elbow. From the resulting difference 
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in time and from t,he distance between the two irritated 
points the rate of propagation of the escitenient waa 
found to be 30 m. per second. The high figure as com- 
pared with that found with the nervea of frogs is ex- 
plained by the higher temperdture of human nerves. 
The rate of propagation would indeed be much lowered 
if the temperature of the arm were considerably de- 
creased by the use of ice. 

The above calculation of the rate of propagation is J 
made on the assumption that this rate is constant j 
throughout its duration. There is, however, nothing J 
to show that this is the case. On the contrary, it is I 
more probable that the propagation proceeds at first at f 
a greater and afterwards at a less speed. This may be J 
inferred from an experiment arranged by H. Munk. If I 
three pairs of wires are applied to a long nerve, one j 
close to the muscle, another at the centre, and the I 
third considerably above, and then causing three con- I 
secutive curves to describe themselves on the myo- I 
graph plate by irritating these three points, it will i 
be found that the three curves are not equally removed-! 
from each other ; on the contrary, the first and si 
stand very near together, while the third is far from 1 
the two former. More than double the time was re- J 
quired for the excitement to traverse the full distance \ 
from the upper to the lower end than it took to traveree'l 
the half-distance from the middle of the nerve to itaJm 
lower end. The simplest explanation which can be I 
given of this phenomenon is that the excitement during:! 
its propagation is gradually retarded, just as a billiard ball 1 
moves at first very quickly but afterward at a gradually) 
decreasing speed. The retardation of the billiard b^l* 
is due to the friction of the underlying surface. Frcoa] 



ISOLATED TRAKSMISSION, 



117 



Etliis it may be inferred that a resistance to the trans- 
1 exists withia the nerve, and that this gradually 
retards the rate of propagation. Such a resistance to 
ransmiasion is also probable on certain other grounds, 
which subject we shall presently revert. 

4. If the main stem of a nerve is irritated by elee- 
c shocks, all the fibres are invariably simultaneously 
nritated. On tracing the sciatic nerve to its point of 
aipe from the vertebral column, it appears that it is 
e composed of four distinct tranches, the so-called 
■loots of the sciatic plexus. These rootlets may be 
separately irritated, and when this is done contractions 
■»esult, which do not, however, affect the whole leg but 
only separate muscles, and difierent muscles according 
to which of the roots is irritated. Now as the fibres 
contained in the root afterward coalesce in the sciatic 
fnerve within a membrane, it follows from the experi- 
ment just described that the irritation yet remains 
solated in the separate fibres and is not imparted to 
Jthe neighbouring fibres. This statement holds good of 
1^ peripheric nerves. Wherever it is possible to irri- 
l^te separate fibres the irritation is always confined to 
these fibres and is not transmitted to those adja- 
We shall afterwards find that such transmis- 
sions from one iibre to another occur within the een- 
il organs of the nervous system. But in these cases 
1 be shown with great probability that the fibres 
K^ot only lie side by side, but that they are in some 
ray interconnected by their processes. In peripheric 
^erve-fibres the irritation always remains isolated. 
Tieir action is like that of electric wires enclosed in 
ig sheaths. One of these nerves may indeed 
Kbe compared to a bundle of telegraph wires, which are 
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protected from direct contact with each other by gutta- 
percha or by some other substance. The compariBon 
is, however, but supei-ficial. No electrically-isolating 
membrane can really be fliscovered in any part of the 
nerve-fibre, but all their parts conduct electricity. 
When, as we shall presently find, electric processes 
occur within the nerve, these standing in definite re- 
lation to the activity of the nerves, we must assume that 
isolation as it occurs in the nerves is not the same as 
in telegraph wires. We cannot here trace the matter 
further, but must accept the fact of isolated conduction 
as such, reserving its explanation for a future occasion. 
5. On irritating the nerves by means of currents 
from an inductive apparatus, it is found ttat the pulsa- 
tions which occur are sometiraea strong, sometimes 
weak. All nerves are not alike in this respect, and 
even the parts of one and the same nerve are often 
very different. We must accordingly suppose that 
nerves are variable in the degree in which they receive 
irritation. This is spoken of as the excitahil/ity of the 
nerve, to express the greater or less ease with which 
they may be put in action by external irritation. Two 
ways may be adopted to measure the excitability of a 
nerve or of a certain point in a nerve. Either the 
same irritant may always be used, and the excitability 
may be determined by the strength of the muscular 
pulsation evoked by this irritant; or the irritant may 
be altered until it just suffices to evoke a muscular 
pidsation of a definite strength. In the former case 
it is evident that the excitability must be estimated 
as higher in proportion as the muscular pulsation pro- 
duced by the irritant is stronger; in the latter case 
the excitability is said to be greater in proportion 
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as the irritant which is sIjIg to evoke a pulsation of 
I definite strength ia weaker. Eat-h of these methods 
I when practically applied has advantages and disad- 
vantages. The former is capable of detecting very 
I minute differences in the excitability, but it can only 
I do thia within certain narrow limits; for when the 
citability sinks, the limit for a definite ii'ritant is 
I eoon reached, after which no further pulsation at all 
I results; and when the excitability rises, the muscle 
[ attains its maximum contraction, above which it is 
incapable of further contraction. Changes above or 
below either of these limits are, therefore, beyond 
observation so long as the irritant remains the same. 
The best way to apply the second method practically is 
to find that strength of irritant which exactly suffices 
to produce a just observable contraction of the muscle. 
Thia assumes the power of graduating the strength of 
the irritant at pleasure. If inductive currents ore used 
to effect irritation, this graduation may be made with 
the greatest precision by altering the distance between 
the primary and secondary coils of the apparatus. In 
du Bois-lleymond's sliding inductive apparatus, repre- 
sented in fig. 13, p. 35, the secondary coil is, there- 
fore, attached to a slide which may be moved forward 
in a long groove. Thia arrangement is used in order 
tfl find the particular distance of the secondary coil 
from the primary which results in a just observable 
contraction of the muscle ; and this distance, which 
can be measured by means of a scale divided into 
millimetres, is regarded as the measure of escitability.' 
6. If a recently prepared nerve, as fresh as possible, 
in placed on a series of pairs of wires, and the excila- 
' Sbp Noles and AddilioDS, No. 3. 
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bility at the various points of the norve is consecutively 
determined in the way described above, it is generally 
found that the escitabihty of the iippor part of the 
nerve is greater than that of the lower. Tliere is, how- 
ever, no great regularity in thia character. Sometimes a 
point is found in the centre of the nerve which iB less 
irritable than those immediately above and below it. 
Very frequently the moat excitable point occurs, not 
immediately at the cut end, but at some little distance 
from this ; so that, on proceeding downward, it is found 
to increase at firat, and then, at a yet lower point, to 
decrease again. If such a nerve is observed for some 
little time, its excitability at the various points being 
tested every five minutes, it is found that the excita^ 
bility alters especially soon at the upper end; it de- 
creases, and in a short time is entirely extinguished, so 
that no muscular pulsations can afterwards be elicited 
from the upper parts even by the most powerful 
ciirrents. The nerve is then said to be dead in its 
upper parts, and this death proceeds gradually down- 
ward in the nerve, so that pulsations can only be | 
obtained by irritating the part situated nearest the i 
muscle, and at a little later period even this part | 
becomes dead. After the whole nerve is dead, pul- 
sations may yet always be obtained for a time by 
direct irritation of the muscle. The muscle does not 
usually die until much later than the nerve Yet in a 
quite fresh preparation of tlie ner\'e and muscle, the 
latter is always less excitable than the former, and 
a much stronger irritant is required to excite the 
muscle directly, than indirectly through the nerve. , 
In all these experiments the nerve must be care* j 
fully protected from drying up, as otherwise its excita-j 
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Ibility is very goon destroyed, and in a very irregiilrii 
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have seen that the nerve (lies gradually fiom 
the top downward. This death does not, however, 
consist in. a simple falling off in the excitability from 
its original degree till it completely dies out. If the 
excitability is tested from time to time at a point some 
distance from the cut end, it is found to increase at 
first until it reaches a raasimum, at which it remains 
for some time stationary, and it is not tiU after this 
that it gradually decreases and finally expires. Tlie 
further the point experimented on is from the point 
which has been cut, the more slowly do all these 
changes occur ; but their sequence is in all cases essen- 
tially alike. The explanation of this may be that the 
upper parts of the nerve, which directly after the pre- 
paration is made usually exhibit the highest degree 
of excitability, are really already changed. It must he 
assumed that these changes intervene very quickly at a 
point close to the section, so that it is impossible to 
submit these points to observation until they are al- 
ready in the condition which does not intervene till 
later at the lower points — in the condition, that ia, of 
increased excitability. This view is confirmed by the 
following experiniont ; if the excitability is determined 
at a lower point of the nerve, and the latter is then cut 
through above this point, the excitability increases at 
tlie point tested, and this takes place more quickly in 
proportion as the cut was made nearer to the tested 
spot. Each of the lower points may, therefore, be 
.ficially brought under the same conditions under 
which only the upper parts of the nerve usually lie, 
, it may be arranged that they are near the 
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jioiiit of section. These changes in the escttability 
may, therefore, be thus conceived : that when the 
nerve is cut some influence makes itself felt from this 
cut, and that this first increases the excitability of the 
nerve, then decreases, and then extinguishes it. If 
this view is right, we must assume that the hi^ 
degree of excitabihty of a freshly cut nerve ia also 
only the result of the incision which is made. This is 
not, however, exactly the case. The nerve with the 
muscle of a living frog may be freed and prepared up 
to the vertebral column without separating it from the 
dorsal marrow. On irritating the v.irious points in such 
a nerve, differences, slight indeed but yet observable, 
are noticed in the excitability, the upper parts being 
always more excitable than the lower. Uninjured 
human nerves may also, as we have seen, be irritated 
at various points in their course, and in this case also 
it is found that irritation ia invariably more easily effec- 
tive in the upper than in the lower parts. 

Pfliiger, who first called attention to the differences 
of excitability at the various points of the nerve, thought 
that the explanation of this is that the irritation evoked 
at one point in the nerve, in propagating itself along 
the nerve, gradually increases in strength; he spoke 
of it as an avalanche-like increase in the. excitement 
within the nerves. This explanation appears to contra- 
dict the above-mentioned feet as to the effect of cutting 
on the nerve, for in such cases it appears that the irri- 
tation is strengthened by the cutting away of the 
higher portion of the nerve, even though the length of 
that portion of the nerve which is traversed by tbR 
irritation remains unaltered. It must at any rate be 
admitted that at one and the same point in the nerve 
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I the excitability may vary in degree, anrl it is therefore 
Bimpler to asaume that the ditierence in the results of 
irritating tl)e nerve at various poiDta depends directly 
on differences in the excitability at those points, instead 
of being in the first place dependent on changes caused 
by transmission ; it can even be shown to be probable 
varioua grounds, as indicated above, that the excito- 

I ment in propagating itself through the nerve meets 
with resistance, and is therefore rather weakened than 
strengthened. Why the excitability differs in diH'erent 
parts of the same nerve we cannot explain. As long 
as we are ignorant of the inner niechanism .of nerve- 

l excitement, we must be satisfied to collect facts and to 

I draw attention as far as may be to the connection of 

I details, but we must decline to offer a fiill explanation 

I of these.' 

7. The phenomena of exhaustion and recovery may 

I be exhibited in nerves as in muscles. If a single 
point in a nerve is frequently irritated, the actions 

I become weaker after a time, and finally cease entirely. 
If the nerve is then allowed to rest for a time, new 

I pulsations may again be elicited from the same point. 

' It is not known whether this exhaustion and recovery 

' corresponds with chemical changes in the nerve. We 
almost entirely ignorant of the whole subject of 
chemical changes within the nerve. Some observers 
maintain that in the nerve, as in the muscle, an acid 
ia net free during the active condition, but this is 
denied by otliers. The generation of warmth in the 
nerve during its activity has also been asserted, but 
this is also doubtful. If any chemical changes do take 

' place within the nerve, they are extremely weak and 
' See Notes and Additions, No, 4. 
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i^annot be shown with our present appliances, 
motions of the smallest particles (molecules) probably 
take plEice in the nerve, thouyh the external form 
remains unaltered, and therefore no work worthy of 
consideration is accomplished, it la easily intelligible : 
that these processes may be accompanied only by ex- 
tremely slight changes in the constituent parts, ' 

The speed with which death and the changes in 
excitability connected with death take place mainly 
depends, apart from the lenf^th of the nerve, on the 
temperature. The higher the temperature the more 
quickly does the nerve die. At a temperature of 44° C. 
death occurs in from ten to fifteen minutes | at 75" C. , 
in a few seconds ; and in the average temperature of a 
room the lower ends of a long sciatic nerve may re- 
tain their excitjibility f »r twenty-four hours or longer ' 
after extraction and preparation. Drying at first in- 
creases the excitabihty, but afterwards rapidly decreases 
it. Chemical agents, such as acids, alkalis and salts, 
destroy the excitability the more rapidly the more 
concentrated they are. In distilled water the nerve j 
swells and rapidly becomes incapable of excitement. 
There are, therefore, certain densities of salt solationB 
in which the nerve remains excitable longer than in 
thinner or in more dense solutions. A solution of com- 
mon salt of 0*6 to 1 per cent., for instance, has almost I 
no effect on a nerve submerged in it, and preserves the [ 
excitability of this nerve about as long as damp air. J 
Pure olive oil, if not acid, may also be regarded as \ 
innocuous. These are, therefore, used when the in- I 
fluence of different temperatures on the nerve is to be- J 
studied. 



CHAPTER VIII. 

I lIlectrotonQii ; S, Modil1(»tionBof cidtubility; 3. Law of palm- 
UoDB ; 4. Cimneclinn of elec.trotonas with escltabiUtj-; 5. Trans- 
mission of excilabililf in eleatcntonus; 6. Kiptanation of the 
law of piilBatioDs; 7. GoDtiul Ihw of nerve -exuitement. 

1, Itbns already been observed tbat a constant elec- 
tric current, if transmitted through the nerve, la able 
to excite the latter; but that thia exciting influence 
takes effect especially at the moment at which the cur- 
rent is closed and opened, and that it ia less effective 
during the courBC of the current's duration. As yet it 
Las been desirable for our purpose, that of studying the 
process of excitement in nerves, to make use of induc- 
tive currents, which are of such short duration that the 
closing and the opening, the beginning and the end, 
immediately follow each other in quick soccession. 
Without now entering into the question, to be dia- 
eusBed later, as to why the exciting action of the cur- 
rent is less during the steady flow of the latter than at 
the momenta of closing and opening, we will now ex- 
amine whether the electric currents which traverse the 
nerves do not act on the nerves in some other way, 
distinct from their exciting influence. 

Let us suppose that the current traverses either the 
vhole or a portion of a nerve. At the instant at which 
the corrent in the nerve is closed, the appropriate muscle 
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ptilaates, thus indicating that aomething, which Tre have 
called excitement, has occurred within the nerve. While, 
however, the current flows steadily through the nerve, 
the muacle remains perfectly quiescent, nor is any 
change apparent in the nerve itself. Yet it may easily 
be proved that the electric current has effected a com- 
plete change in the nerve, not only in that part traversed 
by the current, but also in the neighbouring parts above 
and below the portion of the nerve subjected to the 
electric current. The great importance of this lies in 
the fact that it reveals relations between the forces 
prevailing in the nerves and the processes of the elec- 
tric currents, which relations are of great importance in 
the explanation of the activity of nerves. 

OiiT knowledge of nerves has not as yet reached 
a point at which it is possible to understand all the 
changes which occur within thera under the influence 
of electric currents. Indeed, but one set of these changes 
can as yet be described : these are the changes in the 
excitability. Of all the vital phenomena of nerves, their 
capacity of being brought into an active condition by 
irritants has at present alone been studied by us. This, 
aa has been said in the previous chapter, may be quan- 
titativriy determined. Experiment shows that the ex- 
citability may be altered by electric currents. If a 
small portion of a nerve is placed on two wires in such 
a way that an electric current may be caused to traverse 
this portion, it appears that not only the portion actually 
traversed by the current, but the nerve beyond this, 
also suffers changes in its excitability. In order to 
study these, let us imagine several pairs of wires ap- 
plied to the nerve n n' (fig. 30). Through one of 
these pairs of wires, c d, let a constant current be 
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P conducted ; hy means of proper apparatus the current 

may be strengthened or weakennd, and may be dosed 

and interrupted by means of a key at s. Let a current 

from a sliding; inductive apparattis pass through another 

wrtion of the nerve, e.g. a b, and let us find that posi- 

liion of the secondary coil at wliich the muscle exhibits 

■Siarked pulsations of medium strength. The changes 

[■which occur in these pulsations when the current in 

Fthe portion c d is alternately closed and interrupted 




tnust now be observed. It is found that thefe changes 
lepend on the direction of the current within the nerve. 
I the cnrrent passes in the direction from c to d, then 
Efehe action of the same irritant is weakened in the por- 
tion a 6 as soon as the current is closed, but regains its 
r strength as soon as the current is interrupted, 
nthis ease, therefore, the excitability in the contiguous 
lortion a h was lowered or hindered by the influence 
F the constant current traversing the portion c d. If, 
Jlowever, the constant current is reversed, so that it 
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passes from d to c, the influence of the irritant EeemSf 
on the contrary, to increase in « 6 when the ctirrent is' 
closed, and to resume its original strength -nheQ the 
current is interrupt-ed. In this case, therefore, it ap- 
pears that the action of the current tends to increaae' 
the excitability. If the wires e / are next connected, 
with the secondary coil of the inductive apparatus, andl 
if the irritants are again applied in such a way that' 
weak but noticeable pulsations occur, these latter ar^J 
strengthened when the current in the portion c d passe*' 
from ctod; and are, on the contrary, weakened when' 
the current is in the opposite direction. In these two: 
series of experiments the irritant was appUed in one 
case above, in the other case below, the constant cur- 
rent. Both cases showed consistent results. Aa soon,' 
that is, as the irritant acted on the side of the positiw: 
electrode or the arwde, through which the current! 
entered the nerve, the excitability was in both casei 
lowered. But when the irritant was applied on thi 
side of the negative electrode or the kathode, througl 
which the current emerged from the nerve, the irril 
being strengthened, the excitability increased. 

These changes in the excitabiHty may be shownl 
throughout the whole length of the nerve ; but thf 
are strongest in the immediate neighbourhood of thi 
portion traversed by the constant current, gradually 
decreasing upward and downward from the electrodes. 
In order to find whether a change in the excitability 
also occurs within the electrodes, the current must be 
made to traverse a longer portion of the nerve, and the 
irritant must then be applied to a point within the 
electrodes. According to the point at which the 
trode is applied, v-arious changes maybe shown to 
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here alau. If the irritant is near the positive electrode, 

L the excitability is lowered ; near the negative electrode 

, it is increased; and between the two occurs a point at 

which no noticeable change in the excitabihty takes 

[ place under the influence of the constant current. 

From all these experiments we may infer that a 
Tve, one part of the length of which ia traversed by a 
[ constant current, passes thronghout its whole length 
j into an altered condition, and that this is ejcpressed in 
I the excitability. One part of the nerve, that on the 
I side of the positive electrode, exhibits decreased excita- 
bility; the part of the nerve corresponding with the 
I negative electrode exhibits increased excitability. This 
altered condition is spoken of as the electrotonus of the 
I nerve, the condition which exists on the side of the 
I anode being distinguished as anelectrotontui ; that on 
1 the side of the kathpde as katdectrotunus. Where the 
anelectrotonus approaches the katelectrotonus, a point 
s between the electrodes at which the excitability 
a unchanged; this is called the neutral poiftl. 
I The neutral point does not, however, always lie exactly 
I between the electrodes ; but its position depends on 
b the strength of the applied currents. When the cur- 
I rents are weak, it lies nearer the anode ; when they 
I are stronger, it is situated nearer the kafhocie ; and 
a the currents are of a certain medium strength, 
I the neutral points is exactly midway between the two 
p electrodes. 

This eleetrotonic condition of the nerve may be ex- 
Ihibited as in fig. 31. In this n n' indicates the nerve, 
I h the electrodes, a signifying the anode, h the 
<katbode. The direction of the current within the nerve 
ilH, therefore, that indicated by the arrow. In order to 
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indiL'ate the change which the excitability undergoes at 
any definite pnint in the nerve, let us suppose a straight 
line drawn at this point ot right angles to the longitu- 
dinal direction of the nerve, and let this line be inadi! 
longer in proportion as the change js greater. In order, 
moreover, to show that the changes which occur toward 
the anode are of an opposite tendency to those toward 
the kathode, let the line on the anode side be drawn 
downward, that on the kathode upward. By connecting 
together the heads of these lines a curve is obtained 
whit'h diagrammaticaliy represents the changes at each 




Fio. 31. ElectrotosI' 



point. Of the three curves, the middle represents tlij| 
condition under the influence of u current of medial 
strength; the other two curves, indicated, the one I 
short lines, the other by a dotted line, represent th 
conditions under the influence of a strong and of i 
weak current respectively. These curves show that tl 
changes are more marked in proportion as the ■ 
rent is stronger ; that they are most strongly develo] 
exactly at the electrode poiuts ; and, finally, that 1 
neutral point, under the influence of currents of dil| 
Fcrent degrees of strength, assi'.mes a variable \ 
between the electrodes. 
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2, Apart from these changes in tlie oxcitaliility 
wliich are thus observable while a continuous cuiront 
passes through the nerve, others can also be shown to 
occur immedi&telj after the opening of the current. 
Indeed, the excitability altered in electrotonus does not 
immediately revert to its normal value when the cur- 
rent is interrupted, but only regains this after the lapse 
of a short time. The duration of the changes in the 
excitability observable after the opening of the current 
is greater it proportion as the current is stronger and 
its duration is longer. These changes, which, to dis- 
tinguish them from the electrotonic changes, are ealletl 
tnodijicatiims of the excitability, are not merely the 
continuance of an electrotonic condition, but are some- 
times completely different from the latter. If, for in- 
stance, the experiment is tried at a point near the 
anode, at which the excitability is decreased during the 
continuance of the cujrent, the excitability is found 
to be increased immediately after the opening of the 
current, and it is not till after this that the original 
normal excitability is regained. Similarly, in the neigh- 
bourhood of the kathode, the excitability decreases for 
a short time after the opening of the current, after 
which it again increases, and only gradually regains its 
normal condition. As a rule, these modifications do not 
last more than a few parts of a second. If, however, 
the constant current has been long present in the nerve, 
these modifications may endure for a somewhat longer 
period. On account of their transient nature it is diffi- 
cult to observe and test them. The change of condi- 
tion which follows the opening of the current within the 

^^ nerve may, moreover, lead to excitement in the latter ; 

^^KBD that, on the opening of a current which has been 



present in the nen'e for some time, a series of pulsi- 
■ tions or an apparent tetanus is oceaslonally observed. 
This phenomenon has long been known as an opei 
tetanns, or as Rater's tetanus. The connection esistii 
iM'tween these changes in the excitabilitj, and the &ct^ 
that the nerve may be excited by electric eurrents, has 
led to the adoption of a view of the electric excitement 
in nervea which we shall not be able to develop nntil we 
Lave more closely studied electric excitement itself. 

3. If a continuons current is passed through a nervi 
and is alternately closed and opened, the escitemi 
appears to occur irregularly, somel inies at the elosii 
sometimes at the opening of the current, and occasioi 
ally e\'en at both. Closer observation has, howevi 
whown that very definite laws control this, provided 
attention ia paid to the strength of the current and it 
direction within the nerve. Let us first examii 
phenomena as they occur in fresh nerve, and, as we foi 
that the conditions in the nerve change very rapidi 
in the neighbourhood of the cut end, let us eommeni 
our observations at a low point in a fresh nerve, 
which as great a length as possible has been extract 
For this purpose it is especially necessary to 
convenient means of graduating at will the strength 
the applied currents. Various methods have been ui 
for this purpose. The best is that which is based 
the distribution of the currents in branching condi 
tors. The electric current, on being made to travt 
a conductor which separates at any point into 
hninches, divides, the strength of the currents dii 
bufed into these two branches not being always eqi 
but lieing in each branch in inverse ratio to the 
tance offered in that bmnch. Supposing that the w 
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is inserted in one branch, and that the resistance of the 
other branch is altered, then the strength of the cur- 
rent passing through the nerve will change, although 
the conductor which contains the nerve remains un- 
altered ; the current within the nerve will increase 
in strength when the resistance in the other branch is 
increased, and it will decrease when the resistance in 
this branch is decreased. 

The resistance of a wire being proportionate to its 
length, it is only necessary to arrange, as the conductor 




Fio. '62. KiiEociioni). 



A S^ a wire the length of which can be in some way 
altered. The simplest way of doing this is by extend- 
ing the wire in a straight line and moving n sliding- 
piece along it, so that any required Icmgth of the wire 
may be brought into the conductor. Such an apparatus 
is called a rheochord^ from p/o^, a current, and x^P^V^ 
a chord — because the current is conducted along a wire 
extended like a chord. A rheochord of the simplest kind 
is represented in fig. 32. The current of the chain 
P Z traverses the wire A B, From A a branch con- 



134 



rHVSIOLOGY OF MUSCLES AND NERVES. 



ductor passes to the nerve, and retarns from there 
to the slide S, which aUps along the wire A B. The 
branch-current traversing the nerve is strengthened or 
weakened according as this slide is placed further from 
or nearer to A. 

By means of a rheochord of this sort there is no 
diffiuuity in making the currents within the nerve so 
weak that they exercise no influence at all. If their 
strength is then gradually increased, a pulsation is 
always first seen to occiu- in the fresh nerve when the 
current is closed, whatever the direction of the current 
within the nerve. In order to he able to indicate the 
direction, it has become customary to speak of such a 
current, when it piissea within the nerve from a central 
to the more peripheric parts, as descending, and whea J 
it passes in the opposite direction, as ascending. 

Ascending and descending cuireata, therefore, when 1 
they are weak, afford pulsations only on the closing I 
of the current. If the strength of the current is in- 
creased, pulsations gradually begin to occur also ooj I 
the opening of the ciurent, at first usually with the 1 
descending current, though, when the strength is i 
creased yet more, they occur iu connection with the I 
ascending current also. Finally, the pulsations in aU^ 1 
four cases are of equal strength. If, however, GiAn 
strength of the current is yet further increased, tw9/l 
of these four pulsations again become weaker — th^.l 
closing pulsation with the ascending current, and t^s^a 
opening pulsation with the descending current. A'T 
strength of current is at last reached at which tlieas 4 
two pulsations entirely cease, so that pulsations oocUrjl 
only on the closing of the descending, and on tiu 
opening of the ascending currents. These phenomena 
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which represent the dependence of the excitement of 
the nerve on the strength and direction of the current, 
are spoken of as the law of pulsations. This law is 
represented iu the following table, in which S signifies 
closing, opening, Z pulsation, and R rest — i.e. no 
pulsation — the duration of the currents being indicated 
by the arrows. 

Law of Pulsatiosb lk the oasb of Fbkbb Nbbvb. 





CuneDt Wak 


Cnmnt or ISuil'.m 


Cnrrcnt Strong 


; 


IS,Z 0, R 


S. Z 0, Z 


s, a 0, B 


t 


y, Z 0, K 


S, Z 0, Z 


S. R 0, Z 






As soon as the nerve dies, the phenomena imder 

P-the law of pulsations change. If weak currents are 

applied to a fresh nerve, which in either direction 

produce pulsations only on the closing of the current, 

and if then, the ciurents remaining entirely unaltered, 

I their influence on the nerva is tested from time to 
time, it will be found that pulsations gradually begin 
to occur on the opening of the current; these are at 
first weak, but they continually become stronger till 
they are fully equal in strength to the pulsations 
resulting on tlie closing of the current. This condi- 
tion is retained for some time, after which the closing 
pulsations of the ascending current and tlie opening 
pulsations of the descending current become weaker, 

I and finally entirely disappear, so that the descending 
current produces only closing pulsations, and the 
ascending ciureut only opening pulsations; and tijis 
condition endures until the excitability at the points 
examined is entirely expended, the 
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coming gradually weaker, and finally dieappearing en- 
tirely.* The law of pulsations in the case of dying 
nerve may also be represented in tabular form, three 
stages of excitability being distinguished ; the signs 
remain the same as in the former table. 





Air OP PULHATIOSB IN THB CABB OP D«NG NBRVB. 

(Under the Application of Weak Currents.) 




First BtagB 


SKOBaauga 


ThIraeiaB. 


i 


S, Z 0. It 


S, Z 0, z 


8, Z 0. R 


t 


8, Z 0, R 


8, 7. 0, Z 


S. It 0. Z 



It is at onoe apparent that these two cases of the 
-law of pulsation, occurring in different cireum stances, 
entirely agree. The sequence of the phenomena which 
occTir at the death of the nerve on the application of cur- 
rents of little power is exactly the same as that which 
may he ehcited from a fresh nerve by gradually increas- 
ing the strength sf the current. In other words, if tha 
nerve is irritated with weak, nnvaried currents, these 
act on a fresh nerve, after a time, in exactly the Bam« 
way as currents of medium strength, and, after a 
somewhat loEger time, as powerful currents would have 
acted. In order to understand this, it is necessary tO' 
recall our previous experiences of the chauges in the 
excitability at the death of the nerve. We found thaii | 
in that ease the excitability at first rises and attains a 
niasiiuum before it again falls. Supposing, therefore, 
a fresh nerve is irritated by means of currents of definite 
but weak strength, and supposing that this ner\'e is ex- 
amined after the lapse of a short time, doring which its 
excitability has risen, it is evident that these weak cur- 
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tieuts must already act as would stronger, and tiiat, when 
e excitability has rigen yet further, that they will act as 
»ery strong currenta. The expressions weak, strong, and 
medium currents bear no absolute meaning, the same 
in the case of all nerves, but must always be under- 
stood relatively to the excitability of the nerve. That 
which in the case of one nerve is a weak current may 
tevidently act as much stronger in the case of another 
^rve the excitability of which is much greater ; and, 
Moreover, one single nerve, at different times, may be' 
mditioned in this respect as thongh it were two diffe- 
(nt nerves, if its excitability has in the interval under- 
[one considerable changes. There can, therefore, be 
^o diflBculty in understanding how, as the excitability 
gradually rises, the action of weak currents gradually 
becomes equal to that of medium and strong currents. 
One striking fact must, however, be observed. As the 
excitability after it has reached its highest point begins 
to fall again before it eutirely disappears, it might be 
mupposed that the same currents which at the extreme 
teight of the excitability acted as strong currents, 
K>uld now act again us cmrenta of medium strength, 
p)d then as weak currents, before they entirely lose 
teir power. According to this, the third stage of 
pcitability, in which a closing pulsation is observable 
I the case of the descending current, an opening pul- 
tion in the case of the ascending current, should 
! sncceeded by a foiu-th and a fifth stage, of wliit-h 
3 fourth should resemble the second, and the fifth 
H first. This has indeed been said to occur by some 
Ibservers, but it does not appear as a rule. In explana- 
a of this, it has been assumed that no real, but only 
a apparent decrease of the excitability takes place after 
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luhed its highest p 



Itn 



t must, moreover, 
remembered that it is never merely a single cross-seetion 
o£ a nerve which is irritated, but always a portion of 
greater extent, and that the excitability measured by ub 
is in reality only the average excitability of the various 
points within the irritated portion. It may further be 
assumed that the excitability at each point, when it 
has reached its height, is very rapidly, if not instan- 
taneously, destroyed. As this, however, occurs sooner 
at the higher than at the lower points, it follows 
also that the excited portion, beginning from the top, 
gradually becomes a powerless thread, which is, how- 
ever, still capable of transmitting electricity. The ex- 
citement occurs in reality only in the lower division of 
the portion irritated, and this, as long as it retains any 
power of action, must remain at the highest point of 
excitability.' 

4. In stui-iying the law of pulsations we attended 
only to the closing and opening of the current, entirely 
disregarding the period during which the continuous 
current flowed through the nerve. In reality, the 
nerve, as a rule, remains unexcited during this period. * 
Sometimes, however, especially on the npplication of 
but moderately powerful currents, an enduring excite- 
ment expressing itself as a tetanus in the muscle ib 
observable while the current lasts. Ascending and 
descending currents do not behave quite alike in thia ] 
matter. The latter are followed by tetanus, even in the J 
case of currents of somewhat high power, while the j 
ascending currents are only follo\Ted by tetanus vbeB | 
they are weak. In all cases this tetanus is, howevCT, 
but slight, and cannot be compared with that whict ] 
■ Stc No'ea and Additions, No. 5. 
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may be induced by repeated aepamte irritations, for 
instance, by inductive shocks, or by frequently and 
repeatedly closing and opening a current. It thus 
appears that variable currents are better adapted 
I for effecting the excitement of a nerve than are con- 
stant currents. Inductive currents, though their dura- 
tion is extremely short, may be regarded as simitar to 
constant currents which are re-opened immediately 
after being closed. True pulsations luay indeed be un- 
failingly elicited, even with- constant currents, if, by 
ag suitable apparatus, they are but momentarily 
closed, and are then again reopened. Hut experience 
of the law of pulsations shows that either the closing 
I or the opening are under certain circumstances alone 
I sufficient to elicit pulsations. As we know that the 
I altered condition called electrotonus is produced in the 
nerve by closing the current, and that on the opening 
, of the current this condition gives place, if not im- 
mediately, yet after a short time, to the natural con- 
' dition, we may, therefore, assume that the excitement 
of the nerve is actually due to the fact that the nerve 
! passes from a natural into an electrotonic condition, or 
back again from this into its natural state. We may 
I suppose that the smallest particles of the nerve are 
[ transferred, on the intervention of electrotonus, from 
I their normal into changed positions, and that this mo- 
i tion of the particles is under certain circumstances con- 
I Tiected with excitement. We have, however, found 
L that a nerve, i^hen electrotonus intervenes, is distin- 
[ guishable into two parts, the conditions of which evi- 
} dently differ ; for in the one, that of kat electrotonus, 
the excitement is increased, while in the other, that 
of an electrotonus, it is decreased, it might, therefore, 
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be possible that these two conditions differ in the re- 
lation which they bear to the excitement. Indeed, 
Pfliiger supposed that excitement occurs only at the 
commencement of kat elect rot onus and at the cessation 
of anelectrotonus. On the basis of this hypothesis the 
phenomena of the law of pulsations may be explained ; 
and it becomes intelligible why on the closing and 
opening of the current pulsations sometimes occur and 
are sometimes absent. In order, however, fully to 




understand this hypothesis and the law of pnlsatioDs 
based upon it, we must study the phenomena of elec- 
trotonus more closely than we have yet done. 

5. We have already seen that the excitability ie in- I 
creased on the side of the kathode during theplosinr j 
of the current, and is decreased on the side of tb^ J 
anode. Easy as it is to prove this law under the appli-'l 
cation of weak, or medium currents, it Is sometimesJ 
very hard to do so when the current causing the ele(v J 
trotonua is strong. Let lis again imagine that the ( 
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nerve, n n' (flg. 33) ia traversed between c and d by an 
ascending current, and that it ia irritated between tlie 
points e and /,iibove the portion traversed by the current. 
The muscle is accordingly at n', as in our previous ob- 
servations. Irritation takea place on the side of the 
kathode. An increase in the escltability should there- 
fore occur. This may easily be shown when tlie cur- 
rents used for effecting electrotonua are weak. If, 
however, the current used fi.>r this purpose is somewhat 
strengthened, no increase in the excitability is ob- 
servable; and, indeed, if the currents are sufficiently 
strong, it becomes quite impossible to effect contrac- 
tion in the muscle by irritation at e/. This may seem 
to afford an exception to the law of the electrotonic 
changes in the excitability. But from the pre\ions 
experiments it is evident that this must not be in- 
ferred. Possibly the excitability is in reality increased 
at e / in entire accordance with the law ; but in order 
that the action of the excitement at this point should 
become visible, the excitement must pass through the 
portion imder the influence of electrotonus, aa well 
as through the anclectrotonic portion lying below the 
latter, and it may be supposed that this propagation of 
the, excitement meets with an insuperable obstacle in 
the condition of strong an electrotonua which prevails 
there. It can indeed be shown that this ia the case. 
If the current is reversed, bo that it flows in a descend- 
ing direction through the nervf, then irritation at 
the portion a h will invariably show the existence of 
heightened excitement, however strong the current 
maybe. But the portion a & is now under exactly the 
same conditions as was the portion e/ previously. It is 
in itself very iinprubaliK; that the nerve acts differently 
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in two such entirely similar cases. The difference 
between tlie two cases consists solely in the fiict that 
in the latter the katelectrotonic point examined is 
situated immediately next to the rauacle. ho that its 
condition of excitability can be indicated directly by 
the muscle; while in the ease first observed, the con- 
dition of excitability at the point e f, before it can find 
esjireasion in the muscle, must find means of passing ' 
through the otherwise altered portions erf and a h. Now ' 
it may, on the other hand, be shown that transmission i 
in a nerve under the influence of electrotonus really i 
takes place at an altered speed. In the katelectrutonic | 
portion the rate of propagation is but little altered — ■ 
is, perhaps, slightly increased; but in the anelectro- 
tonic portion it is markedly decreased. Frora this it 
may be inferred that anelectrotonus not only decreases ' 
the excitability, but also hinders the proiwigation of the 
excitement; and that where the anelectrotonus is strong, 
propagation is even entirely prevented. 

6. This not only explains the apparent exception to 
the laws of electrotonus, but also affords explanation of 
the fact that strong ascending currents, when closed, 
are followed by no pulsations. We know that a strong 
electric current induces katelectrotonas in the upper 
half, anelectrotonus in the lower. According to Pfliiger'a 
hypothesis, excitement occurs in the nerve only at the 
point at which katelectrotonus intervenes ; that is, on 
the closing of the ascending current, in the upper por- 
tion of the nerve. In order to reach the muscle, this 
excitement must pass through the lower portion of the 
nerve, and as this is strongly anclectrotonic, it presents 
an obstacle to the further passage of the excitement. 
The escif enient which occurs in the upper half is, there- 
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fore, unable to reach the muscle, no that pulsation is 
necessarily absent on the closing of the current. 

In order to apply the corresponding case to the 
opening of a tlesceuding current, the help of another 
hypothesis is required, according to which the great 
modification which follows the disappearance of katelec- 
trotonus, and which so greatly decreases the excitability, 
also involves a hindrance to transmission. This assump- 
tion has not yet been experimentally proved ; proof is 
indeed difficult, on account of the ephemeral charac- 
ter of the modifications. The similarity of negative 
modification to anelectrotonus, both decreasing the 
excitability, favours the hypothesis that in negative 
modification also an obstacle is aflTorded to transmission. 
According to this view, the case is the same on the 
opening of a descending cmrent as on the closing of an 
ascending current. According to Pfliiger's hypothesis 
excitement occurs on the opening of a current only in 
that portion of the nerve at which anelectrotonus dis- 
appears. This, in the case of a descending current, 
is the upper portion of the nerve. In order to reach 
the muscle thence, the excitement would have to tra^ 
verse the lower portion, which is at the same time taken 
possession of by a strong negative modification, and this 
prevents propagation of the excitement; no opening 
pulsations, therefore, occur in the case of the descend- 
ing current, 

Pfliiger supported his hypothesis by the following 
experiment. Mention has already been made of the 
so-called Bitter's tetanus, which intervenes when a 
current which has traversed a nerve for some time is 
interrupted. According to Pfliiger's hvpothcsis, this 
excitement should also be located un the sidf, of the 
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anode. If an asoeuding current is passed through a 
nerve, tlie aiiode side ia situated in its lower portion ; 
but if the current ia descending, then it is situated in 
the upper portion. If Hitter's tetanus is induced by 
meana of a descending current, and if the nerve is bi- 
sected between the electrodes immediately after the 
opening of the current, the tetanuH at once ceases. If 
the same experiment ia tried with an ascending current, 
then the cutting of the nerve in no way influences the 
tetanus. 

Yet another proof of the truth of this hypothesis ia 
afforded by Pfl^ger's study of the excitement of thu 
sensory nerves by an electric current. As the terminal 
apparatus of sensory nerves, by the action of which the 
irritation is recognised, ia situated at the opposit-e end 
of the nerve, it seems that the law of pulsations should 
prevail in an opposite way to that in which it pre- 
vails in the case of the motor ner\'es, Pfliiger as- 
certained that in reality strong ascending currenta 
induce aensation only when closed, strong descending 
currents only when opened. The explanation ia the 
same in this case as in that of the motor nerves. On 
the closing of the descending current, excitement oc- 
curs in the lower portion of the nerve. In order to 
effect sensation the excitement must pass to the Bpinal 
marrow and the brain ; it would have, therefore, to pass 
through the upper parts of the nerve, where it would be 
cheeked by the strong anelect rot onus which prevails 
there. The opening of the ascending current has n 
similar irritating effect on the lower parts of the nerve. 
In order to reach the spinal marrow and bndn, this 
excitement would have to passthrough theupper parts, 
where, in this case, it would be checked by the strong 
negative mot"" 
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The only explanation of the fact that weak currents, 
whatever their ilirection, act only on being closed, is 
that the changes in the nerve probably begin more 
quickly than they disappear on the closing of the cnr- 
renfc. The differences are, however, very slight; and 
a very slight strengthening of the current suffices to 
elicit opening pulsations of the nerve also. This is 
especially true of the descending current ; if the nerve 
is not quite fresh, opening pulsations may occasionally 
be observed even in the case of very weak currents 
which do not as yet afford any closing pulnationa. 
This is connected with the circumstance that the ex- 
citability is somewhat greater in the upper than in the 
lower portions of the nerve. The natural superiority 
of the closing pulsation is thus caBcelled in the case of 
the descending current, and opening pidsation is con- 
sequently rendered more easy. 

7. From what has been said it seems very probable 
that every excitcnaent in the nerve is due to a change 
in its condition, which might be directly shown in the 
ea^e of the electric current by the electrotonic change 
in the excitability. The more quickly these changes 
occur, the more easily are they able to excite the 
nerve. This law is exhibited even in the case of 
non-electric excitement. It is, for instance, possible 
by gradually increasing pressure on the nerve entirely 
to crush the latter without producing any excitement, 
though every sudden pressure is, as we have seen, 
inseparable from excitement. A similar feet may be 
observed in the case of thermic and chemical irrita- 
tion. From this it may be inferred that the excitement 
in the nerve is due to a certain form of motion of its 
Bmalleat particles, and that a sudden blow is better 
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adapted for exciting this motion than is slow action. 
That even slight mechimical disturhances are Ciipable 
o£ producing excitement, altlioiigh ttie nerve is not 
crushed, has been proved by Heidenhain. He attached 
a small ivorj hammer to the instrument which we have 
already described under the name of Wagner's hammer, 
and, having laid the nerve on a small ivory anvil, 
placed the latter under the hammer in such a way 
that the latter tjipped gently on the nerve. The residt 
of this was strong tetanus lasting for several seconds. 
To obtain a more accurate conception of the mechanism 
of nervous excitement, it would be necessary first to 
learn accurately the arrangement of the smallest par- 
ticles in the quiescent nerve. Now we shall later on 
examine certain behaviour of the quiescent nerve from 
which conclusions may be drawn as to the regular 
arrangement of the smallest particles, While postpon- 
ing the closer examination of these details, we may at 
present try to explain the facts of excitement as clearly 
as circumstances permit. For this end we will assume 
that the particles of the nerve are retained in an en- 
tirely definite relative position by molecular forces." 
Excitement can, accordingly, only intervene when the 
particles are displaced from this position and are set in 
motion. The more powerful are (he forces which retain 
the particles in their balanced position, the greater 
must be the forces which mo\'e them, and, therefore, 
ihe smaller is the excitability. It must alto be ex- 
plained that the separate particles of the nerve mntn- 
ally influence each other, each particle influencing the 
oilier and helping to retain it in its relative position. 
A comparison drawn by du Bois-Reymond may be used 
to make thia somewhat involved explanation more 
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intelligible. It is a well-known fact that a magnetic 
needle suspended by a thread assurties Bueh a position, 
in consequence of the magnetic attraction of the earth, 
that one of its ends points to the north, the other to 
the aonth. Now, supposing a series of many magnetic 
needles, all suspended one behind the other in the same 
meridian line, as in fig. 34, then each of these needlea 



will be yet more firmly retained in its position by its 
neighbours, for the adjacent north and south poles of 
the needles mutually attract each other. If, for ex- 
ample, we wish to move the middle needle, No. 3, more 
force must be used to do this than would be necessary 
if the needle were alone. But when the centre needle 
is turned, the immediately adjacent needles cannot re- 
main at rest, but are similarly deflected ; these exercise 
a similar deviating influence on their neighbours ; and 
so on. So that the disturbance created at one point 
in this scries of magnetic needles passes lite a wave 
through the whole series. 

This evidently bears much resemblance to that 
which takes place in nerves. It explains not only 
how a disturbance commencing at any point in the 
nerve propagates itself, but also how each separate part 
of the nerve is able to influence the other parts. We 
have already found that the excitability of any point of 
the nerve increases if the immediately superior portion 
of the nerve is cut away. The magnetic needles show 
that just in the same way each is more readily move- 
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able when some of its neighbours have been removed. 
Without, therefore, assuming other resemblances be- 
tween the forces which act on the magnetic needles 
and tboao present in the nerve, we may accept the 
Gompirison so for that we may imagine the nerve to 
consiat of separate minute particles, arranged one behind 
the other in the longitudinal direction of the nerve, 
and mutually retaining each other in their position. 
Now, if there are forces which retain the particles in 
this relative position yet more firmly, it is evident that 
they must lessen the excitability; while, on the other 
hand, such forces as tend to move the nerve-particles 
from their relative positions must at the same time 
decrease the strength of their connection, and must 
therefore render the nerve more excitable. As regard^ 
tha electric current, we have seen that the two poles 
act on the nerve in opposite ways. We may, therefore, 
assume that by one pole, the positive, the nerve j)ar- 
ticlcs are retained in their quiescent position, while by 
the negative pole, on the other band, tbey are disturbed 
from this position. If this is the case, it explains the 
fact that excitement occurs only at tbe negative pole 
when the current is closetl. The excitability is in- 
creased at the positive pole on the opening of the cur- 
rent ; here, therefore, there occurs a movement of the 
particles such as follows the closing in the negative 
pole, BO that in this case the excitement can occur <ai 
the opening of the eiu-rent. 

Tbe fact that the nerve remiiins iniexcited by 
s in its condition, although these same changea 
if they occur suddenly do induce excif^nicnts, bears so 
significantly on the explanation of the nervous processes, 
that we must study it in yet greater det,ii]. The fact 
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may be most easily and surely shown in the case of 
electric excitement, as there is no difficulty in allowing 
the strength of the currents to increase or decrease 
more or less gradually. Let the apparatus be arranged 
as in fig. 35 in which the nerve is traversed by a 




Fig. 35. Riieociiord. 

current, the strength of which may be altered by moving 
the slide S* Let a key be inserted in the circle, and let 
the slide be so placed that pulsations occur on the 
closing and the opening of the current. On placing the 
slide S close to A (in which position the resistance in 
the branch A S h nil, so that no current passes through 
the nerve), and pushing it slowly forward to its former 
position at /S, the current within the nerve slowly in- 
creases from zero to its former strength : on again push- 
ing the slide slowly back till it touches A, the strength 
of the current again slowly decreases to 0.^ In neither 
of these cases is the nerve excited. As soon, however, 
as the movement of the slide is in any way effected 

* E. da Bois-Reymond has described apparatus of this sort ur.der 
the name of Schivankungsrheoclwrd. 
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witli great speed,' the nerve is eicited and the muscle 
pulsates. When, therefore, the current being closed 
or opened by means of the key, the nerve is excited, 
this is due to the fact that the strength of the current 
increases with great rapidity from zero to its full 
strength, or sinks from the latter to zero, 

Tlie facts thus observed explain why inducliie 
fihocks, which are of but very short duration, and in 
which closing and opening follow each other in such 
rapid Buccession, are so especially capable of exciting 
the nerve. All inductive shocks are not, however, 
equally adapted for this purpose. When, making- use 
of ttie inductive apparatus already described, the current 
in the primary coil is closed and then interrupted, the 
result is the creation of two currents differing in their 
direction in the secondary coil, these being the closing 
inductive current and the opening inductive current. 
If these are made to pass through a nerve, the exciting ' 
influence of the latter is always much greater than that ' 
of the former. This can bo very plainly shown by 
placing the secondary coil at a distance from the pri- 
mury. By this means, a distance may always be found 
at which the opening inductive current is active, while i 
the closing inductive current as yet exercises no 
fluence; if the coils are then brought nearer to each j 
other, the latter also becomes active. If, however, 
when the coils of the inductive apparatus are in any j 
position, the secondary coil is connected with a multi- 
plier, then the deflections of the magnetic needle are J 
always of equal strength in the case of both induc^re j 
currents, The nerve, therefore, exhibits a difference 
which the multiplier is incapable of indicating. It has, 
however, been shown that the two inductive currents 
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lifFer entirely in duration. The closing inductive cur- 
rent increases slowly, and decreases just, a.e slowly, 
while, on the other Laud, the opening inductive current 
very rapidly attains its full Btrength and ends just as 
quickly. It is to this difference that the hitter evi- 
intly owes its greater physiological efifect,' 
Let us return to the experiment as first ii.rraogi.'d 
■with the rheochord. Instead of pushing along the 
slide between A and S, it may he moved backward or 
forward between any two points. The current in the 
[aerve, in this case, never ceases, hut is either strength- 
or weakened according to the direction in which 
le slide is moved. If the latter is moved suddenly 
and with great speed, it may produce escitement ; but 
the nerve always remains unexcited when the move- 
ment is gradual. It therefore appears that it is not 
the actual closing and opening of a current which is 
required to escite the nerve, but that any change, 
whether it strengthens or weakens the current, is suffi- 
cient to effect this, provided that the alteration is 
sufficiently great and sufficiently rapid. Closing and 
opening are but special cases of alteration of the cur- 
rent in which one of the limits to the strength of the 
current=0. The following law regarding the electric 
excitement of nerve may therefore he stated: any 
change in a current traversing a nerve may excite the 
latter if it ie sufficiently strong, and if it occurs with 
aufuAent speed. We have however seen that this law 
has very many esceptiona. "For under certain circum- 
stances a greater alteration (the closing of a strong 
ascendiug current) luay appear to be without effect, al- 
though one less strong takes effect. If, however, it is 
' See Notes and Additiona, No 6. 
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admitted that in such cases excitemeTit docs in realifrg 
take place, but that it is not observable on account o 
external circumstances (hindrance to the propagatio 
the muscle), then these exceptions may be. said to 1 
merely apparent. Sloreover, assuming that the changt 
in the strength of the currents within the nerve onlyl 
excite in consequence of the fact that they bring aboulH 
changes in the molecular condition of the nerve, and ' 
combining with this all that we know of the effect of 
other forms of nerve irritation, the following law regard- 
ing nervous excitement may be regarded as the fint 
result : — 

Excitement of the nerve depends on a clianije 
its riiolecular condition. It occurs aa soon as auch^ 
cluttige is effected with sufficient speed. 

It may be added that this law is in all essenti 
points true also of muscle. But it appears that t 
molecules of muscle are more sluggish than are thcw 
of nerve, so that in the former very tmnsient inEnencf 
may more easily be without effect.' 

■ Sec Kotcs and Additions, No9. 7 and 8. 



CHAPTER IX, 

I, Electric phenomena ; 2. Electric fishes ; 3. Electric organs ; 
4. Multiplier and tangent galvanometer ; 5. Difficulty of the 
study; 6. Homogeneous diverting vessels ; 7. Electromotive 
force ; 8. Electric fall ; 9. Tension in the closing arch. 

1. As yet in examining the essential qualities of 
muscles and nerves we have disregarded a series of 
important phenomena common to both, in order that 
we may now treat them as a whole. We refer to the 
electric actions which proceed from these tissues. 
Muscles and nerves are especially distinguished among 
all other tissues of the animal body by the fact that 
they exercise very regular and comparatively powerful 
electric action ; and from the relation existing between 
electric currents and the excitability of muscles and 
nerves it may be inferred that these independent elec- 
tric actions bear some relation to the essential qualities 
of muscles and nerves. 

It is true that electric action is exhibited in other 
animal, as well as vegetable tissues ; but these are very 
slight, and are apparently insignificant.^ Electric cur- 
rents are so easily generated under all circumstances 
that it is not very surprising that traces of them are 

' An exception is perhaps afforded by the electric phenomena 
of the leaves of Dioncea mnscijjvla which will presently be men- 
tioned. 
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everywhere to be found. In the researches in which. 
we aie about to engage, we must always endeavour as 
far as possible to exclude these accidental currents, or 
at least to distinguish them from those currents which 
it is our task to examine, and the causes of which lie 
in the animal tissues themselves. Apart from musclea 
and nerves, but one tissue seems endowed with some- 
what strong electric action ; this is that of the glands. 
This has, indeed, not as yet been fully proved, but it 
has been shown to be iu a very high degree probable. 
In connection with this it is a very interesting fact that 
the glands are in some physiological respects very similar 
to the muscles, and that they bear the same relations 
to nerves as do muscles, 

2. There is, on the other hand, a tissue in whidi 
electric action is exhibited in far greater strength, so- 
that its nature was known Jong before it was re«g- 
nised that muscles and nerves possess the same capa- 
city. This tissue does not, however, occur in all 
animals, but only in a few iishes, which on this account 
are called electric fishes. In these animals special 
organs of peculiar structure occur, in which, as in aia' 
electric battery, currents of very considerable strength 
arise, the discharge of which is caused by the in6uence 
of the will, the animal using this power to frighten its 
enemies, or to benumb and kill its prey. Long before 
the world knew anvthing accurately as to the physical' 
nature of electric phenomena, such powerful influencefl 
as are exhibited in electric fishes did not fail to attract 
the attention of chance observers. Notices of tbeM- 
remarkable phenomena are actually found in andent 
writers; and the Homan poet Claudius Claudianus' 
' Hi: lived in Alpiandrin toivard the end of liie Tourlh centwy. 
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liiiB given a very vivid description of these actions in 
the following lines : — 

' Who has not heard of the power of the dreadful 
ray, of the benumbing force to which it owes its name.' 
Formed only of gristle, it awima slowly against the 
waves or creeps sluggishly on the waterwashed sand. 
Nature has armed it with an icy poison, has poured 
into its marrow coldness to freeze and stiffen all living 
things, and has iilled it with everlasting wioter. To 
these gifts of nature it adds craft, and, conscious of 
power, it remains quietly stretched among the sea- 
grasses ; yet when some animal, swimming upward to 
the sea-top, passes near, unpunished it fearlessly feeds 
on the living lirabs. Nor when, having carelessly bitten 
at some bait, it feels the line, the bent hook in its mouth, 
does it attempt flight, biting itself free, but craftily 
creeping yet nearer to the dark hair-line, conscious of 
its power, it pours the electric breath from its poison- 
ous veins far and wide over the water. The electric 
fluid flashes along hook and line, harming even the 
fisherman where he stands above the water ; from the 
lowest depth the dreadful lightning flashes, and passing 
along the hanging line, by the magic of its power 
carries cold as of ice through the rod, wounding the 
strong arm and curdling the blood of the fishermen, 
who, terror-struck^fhrows away the baneful prey, and, 
careless of his line, hurries homeward with dismay.' 

After the theory of electricity had received a new 
development in consequence of the discoveries of 
Galvani and Volta, these fishes were frequently studied 

Older notiets of the Torpedo occur in Pliny, ^lian, 0[i7,ian {wliose 
poem on fiabingCJaiidianiiaapppara tohovn knowr), andin Aristoile. 
I ^rjirile,!roia toTjHir-iiambneaE. 
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by various observers, and the electric cbaracter of their 
innate force was incontrovertibly shown. Faraday's 
Btudy of the electric eel, and du Boia-Rejmond's of 
another electric fish, are especially important. 

There are three fiabea, especially, which have been 
proved to possess this capacity for giving electric shocks. 
These are, the electric ray of the Adriatic and Medi- 
terranean {Torpedo electrica and T. Tnarmorata) ; the 
electric eel (Oymnoiua electricus), which occurs in the 
fresh waters of South America ; and lastly, another elec- 
tric fish {Malapterurus electricu.B or M. beninenaia), 
which has but recently been carefully studied, and 
which occurs in the rivers of the Bay of Benin on the 
east coast of Africa. We cannot omit this opportunity 
of inserting Alexander von Humboldt's description of 
the electric eel and its action ' : — 

' The crocodile and the jaguar are not, however, the 
only enemies that threaten the South American horse ; 
for even among the fishes it has a dangerous foe. The 
marshy waters of Bera and Eastro are filled with innu- 
merable electric eels, which at pleasure are able to 
discharge a deadening shock from every part of their 
slimy, yellow-speckled bodies. This species of gymnotus 
is about five or six feet in length. It ia powerful enough 
to kill the largest animals when it discharges its ner- 
vous organs at one shock in a favourable direction. It 
was once found necessary to change the line of road 
firora Uritucu across the savannah owing to the number 
of horses which, in fording a certain rivulet, annually 
fell a sacrifice to these electric eels, which had accu- 
mulated there in great numbers. All other species of 
fish shun the vicinity of these formidable creatures. 



i 



ELECTRIC EELS. 157 

Even tlie angler, when fishing' from the high bank, is 
in dread lest an electric shock should be conveyed to 
him along the moistened line. Thus, in theae regions, 
the electric fire breaks forth from the lowest depths of 
the waters. 

' The mode of capturing the gymnotus affords a pic- 
turesque spectacle. A number of mules and horses are 
driven into a swamp, which is closely surrounded by 
Indians, until the unusual noise exeitea the daring fish 
to venture on an attack. Serpent-like, they are seen 
Bwimming along the surface of the water, striving 
cunningly to glide under the bellies of the horses. 
By the force of their invisible blows numbers of the 
poor animals are suddenly prostrated ; others, snorting 
and panting, their manea erect, their eyes wildly flash- 
ing with terror, rush madly from the raging storm; 
but the Indians, armed with long bamboo poles, drive 
them back into the midst of the pool. 

' By degrees the fury of this unequal contest begins 
to slacken. Like clouds that have discharged their 
electricity, the wearied eels disperse. They require 
long rest and nourishing food to recover the galvanic 
force which they have so freeiy expended. Their 
Ttfaocks become weaker and weaker. Terrified by the 
noise of the trampling horses, they timidly approach 
the brink of the swamp, where they are wounded by 
harpoons, and drawn on shore by non-conducting poles 
of dry wood. 

' Such is the remarkable contest between horses and 
fish. That which constitutes the inrisible but living 
weapon of these inhabitants of the water — that which, 
awakened by the contact of moist and dissimil.ir par- 
ticles, circulatj?s through all the organs of animals and 
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plants — that which, flashing amid the roar of thunder, 
illuminates the wide canopy of heaven — which binds 
iron to iron, and directs the silent recurring course ot 
the magnetic needle all, like the varied hues of the 
refracted nij of light, flow from one common source, 
and all blend together into one eternal all-pervading 

3, All elf.ctric fishes are distinguished by the pos- 
session of peculiar organs in which the electric discharge 
originates. These resemble powerful batteries, which 
can be put in action by the will of the animal, and 
which then generate currents which, passing through 
the water, meet and act upon other animals which 
happen to be near, so that the latter may even be 
thus killed. These electric organs, as they are called, 
are formed on the same plan in all the three above-men- 
tioned genera of fishes. They consist of a large number 
of minute and delicate plates which, arranged side by 
side and enclosed in coverings of connective tissue, 
form the whole organ. In the Torpedo these organs 
lie flat on either side of the vertebral column. In the 
Gymnvtas and the Malapterams they are arranged 
longitudinally ; and in the latter they form a closed 
tube, in which the animal is concealed, its head and 
tail, as it were, alone projecting. The separate plates 
of which the organ consist-s are arranged, therefore, 
horizontally in the Torpedo, vertically in the Gymnobia 
and Malapteruriis. Each of these plates consists of 
an extremely delicate membrane which, when the organ 
is in a state of activity, exhibits positive electricity on the 
one side, negative on the other. The currents of the 
numerous plates combine aa in a battery, and thus all 
together afford a very powerful current. With each 
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plate is counectei! a nerve-fibre, by meiins of which 
the animal is capable of voluntarily effecting the elec- 
tric discharge, just as voluntary muscuiar contractions 
I'an be effected by means of the nerve. These nerves 
may also be artifidally irritated, with the result of pro- 
ducing one or more electric shocks, just as irritation of 
a motor nerve elicits one or more muscular contraction. 
The analogy of electric organs and of muscle is, in fact, 
from a physiological point of view, complete. 

Mention must yet be made of the feet that forms 
nearly allied to these fishes— for instance, the various 
forms of Morrnyi-us, which \a structure resemble rays — 
possess similar organs, though these have not as yet 
been shown with any certainty to be capable of any 
electric action. It has, moreover, been assumed that 
the luminous organs of certain insects are to be referred 
to electric forces; but this has not been in any way 
proved. 

4. Before entering further into the statement of the 
electric plienomena in animal structures it will be neces- 
sary to say something of electric phenomena in general, 
and of the means of exhibiting them. 

It is well known that an electric current results 
when two different metals are in confict 
with each other, or with a fluid. Elec- 
tricity occurs in this case as a current, 
that is, in a state of motion ; while iii 
other CAaea it exists in a quiescent con- 
dition. On immersing a piece of coppi r I 
and a piece of zinc, as in fig. 36, in a gla-^a 
containing diluted sulphuric acid, and thru \v nr thu 
uniting these above the fluid by a wire, '■i*"""-t 
the positive electricity passes through the wjr fiom the 
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copper to the zinc, and through the liquid from the zidc j 
to the copper. A ojagnetic needle is used to indicate ( 
the presence of such a current. An electric current, if | 
made to pasa parallel to a magnetic needle, deflects 
the latter from its normal position, and tends to place 
it at right angles to its original position. According 
to the direction in which the positive electricity flows, 
and according to the position of the conducting wire 
relatively to the magnetic needle, the north pole of I 
the needle is deflected either to the east or to the west ; 
80 that not only the actual presence of an electric c 
rent may be shown by means of a magnetic needle, but i 
its direction in the wire may also be determined. This | 
simple means, however, only serves the piurpobe when ' 
the current is comparatively strong, for the magnetic 
needle is retained in its position by the attraction of 
the earth, and the magnetic current must overcome / 
this before it can deflect the needle. In orderto detect 
weak currents, the wire through which the current flows ' 
is wound in several coils round the needle. As each 
coil exercises a force tending to cause the deflection 
of the needle, the deflecting force is increased ; and an 
iufltrument of this sort is, therefore, called a multiplier^ 
In order to increase the sensitiveneaa of this still further, 
the attraction of the earth must be annihilated as fiir J 
as possible, so that even weak currents are able to cause 1 
deflection. This is accomplished, for instance, by ar- I 
ranging a iixed magnet above or below the magnetic ( 
needle, bo that it acts on the latter in'a direction con- 



ictitianed in detail here, Ibe saxne iCBinnnent can also be used 
leiisura the Btrength of cunentB ; it is, tLerofore, alao ciUled a , 
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trary to tiiat of the attraction of the earth, and by 
carefully bringing this magnet nearer mitil the action 
of the earth is almost entirely cancelled. Or two mag- 




netic needles, as similar as possible, are connectud by a 
filed intermediate piece in such a way that the corre- 
Bponding poles are turned in opposite directions. As 
the force of gravitation now tends to turn the two 



162 PflYSlOLOOY OF MDSCLES AND NERVES. 

needles in opposite directions, the force of attraction i 
of the earth- magnetiBm is entirely, or almost entirely ■ 
removed, bo that even very weak electric ciirrenta, if 
caused to pass round the needle in a suitable way, can i 
cause a noticeable deflection of the needle. 

Fig. 37 represeota a sensitive multiplier of a form i 
well suited for physiological experiments. The two 
needles are connected together, and are suspended by 
means of a thread of silk from the frame A' A; the screw 
i serves to raise the needles to a proper height, so that 
one of them can move freely within the coils of the wire, 
tlie other above the latter and over a graduated circle, by I 
which the deflection effect-ed by the current can be mea- 
sured. The very thin wire, enclosed in silk, is wound 
,on to the frame G ; the binding screws f f serve to 
transmit the current. 

The use of the multiplier for physiologiciil purposes 
has recently considerably decreased, owing to the more 
perfect adaptation of another form of apparatus, called 
the tangent galvanometer, for such purposes. The ad- 
vantage of this consists in the fiict that it is not only 
very sensitive, but it also allows the strength of the 
current to he measured. If, for example, the deflec- 
tions of the magnetic needle are very slight, the strength 
of the currents may be regarded as proportionate to the 
trigonometrical tangents of the angle of deflection.' In 
order to measure slight deflections of this sort, our 
former method of observation by means of the mirror 
and lens may be used (chap, iv., § 3, p. 57). Either 
the magnet is in itself reflecting, or it is connected 
with a mirror, and is suspended by a silk thread in a 
copper sheath. A, which is closed by plales of hioking- 
' Soe NotPH and Additions. No. 9. 
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glass. The electric current can be transmitted tiirough 
the coils B' B, which move on slides, in order that by 
their greater or lesser distance from the magnet, the 
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escent positioD, and its reflection is observed through 
the lens as described in Chap, IV., § 3. This may also 

be used to render the deflection visible to a large audi- 
ence, by allowiug the light of a suiEciently powerfid 
lamp to fall on the mirror and throwing the reflection 
on to a screen by mcana of a lens. In order to in- 
crease the aensitivenesB of the instrument, the influence 
of gravitation on the deflecting magnet is decreased, as 
already described, hy means of a properly arranged 
magnet. 

5. Having, in one or other of these ways, provided 
aa sensitive a multiplier as may be, all that ia necessary 
is to connect the animal substances which are to he ex- , 
amined with this, and then to observe whether deflec- 
tion occurs or not ; whether, that is, with the arrange- 
ment selected a current is present or not. But ihe 
more sensitive is the multiplier, the harder is it to | 
connect any part of an animal with it in such a way 
that no current occurs, and it woidd he a mistake to , 
suppose that all these currents are elicited by the ani- 
mal substances themselves. If, for example, the ends 
of the wires of the multiplier are connected with two 1 
wires of the same metal— for example, copper ; Mid if I 
these wires are immersed in a conducting fluid — for ( 
example, diluted sulphuric acid — considerable deflection | 
of the needle always occm-s, owing to the fact that the I 
copper wires are never so homogeneous that they do 
not themselves generate a slight current. If platinum 
wires are used instead of copper, these can, it is true, J 
be rendered homogeneous hy careful cleaning; but this ] 
homogeneity soon disappears, bo that even with this ] 
metal currtjnts result which depend solely on the di*- ' 
similar nature of the mptallic surfaces. Fortunately, 
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there are combinations of metals with fluids which are 
free from these faults. Two pieces of zinc, the surfaces 
of which have teen amalgamated by smearing with 
quicksilver— which have, therefore, been equally covered. 
with a coating of zinc-amalgam, a combination of zinc 
and quicksilver — act as though entirely homogeneous if 
they are immersed in a solution of sulphate of zinc; and 
these metals retain their homogeneity even when elec- 
tric currents traverse the metals and the fluids. The 
wire of the multiplier may be connected with strips of 
amalgamated zinc of this sort, and these may be im- 
mersed in a solution of sulphate of zinc without any 
deflection being indicated even by a very sensitive mul- 
tiplier. 'WTiile, therefore, it might lead to serious error 
if the wires of the multiplier were brought into imme- 
diate contact with the animal substances to be ex- 
amined — ^as electricity would, in such caae, be generated 
at the point of contact itself — it is possible, by using 
this amalgamated zinc and solution of sulphate of zinc, 
to exclude any foreign source of electricity, and, pro- 
vided that the animal tissue is properly inserted, to 

sure that the observed deflections of the magnetic 
needle are really due to electric forces situated in the 
animal substances themselves. The point to be aimed 

in this experiment is, therefore, to place the animal 
Bubstances in such a position that any currents gene- 
rated in them can only pass to the wire of the multi- 
plier through the zinc solution and the plates of amal- 
gamated zinc. 

6. In order to attain this ohject, du Bois-Reymond, 
to whom is chiefly due oui knowledge of the electric 
phenomena of animal tissues, arranged the apparatus 
in the following way (fig. 39). The ends of the wires 
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of the multiplier were connect«i with two troughs or 
vessels of cast zinc, the outer Burfaces of which had 
been lacquered, while the inner cavity had been care- 
fully amalgamated. A soltition of sulphate of zioc was 
poured into this cavity, and pads, formed of many folds 
of blotting-paper saturated with the same solution, were 
folded over the edge of the veesels in such a way that 



Fig. sn. IIoMdi 




part was immersed in the solution, part protruded over , 
the edges, and these pads end in a sharply cut crosfl 
section. Small discs of an isolating substance (vulc^ | 
nised india-rubber), with the help of caoutchouc bands, 
retained the pads in their places. The vessels beisg | 
pushed toward eaeh other till the pads touched, or the i 
intermediate apace between the pads being bridged by a . I 
third pad, also saturated with a solution of sulphate of 1 
zinc, the needle of tlie multiplier continued unmoTed> 
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thus affording proof that uo cause of the generation of 
curreuts is present in any part of the apparatus. If the 
body to be examined is then substituted for the third 
pad, with the result of deflecting the needle, proof ia 
afforded that some cause effecting the generation of a 
current exists in the body. The oniy disadvantage 
of the arrangement is that the animal aubatances thus 
examined, being in contact with the concentrated solu- 
tion of sulphate of zinc, are corroded, and, thair vital 
qualities are injured. To avoid this, so-called protec- 
tive shields, i.e. thin plates of plastic clay (porcelain) 
which haa been mixed with a diluted solution of com- 
mon salt (^ to 1 per cent.), are used. These are placed 
on the pads of blotting-paper, where the tissue to be 
examined touches the latter. The clay protects the 
tissue from direct coutjict with the solution of sulphate 

• of zinc, though, clay being a conductor, the electric 
action present in the tissues can reach the Kinc and the 
wires of tLe multiplier. 

7. lu esaniining muscles or nerves by this method, 
according to the way in which the animal aubatance ia 
applied, sometimes no deflection of the magnetic needle 

»i8 observable, sometimea slight, and sometimes stronger 
deflections appear. The same body, for example a piece 
of muscle, may in one position afford a very strong cur- 
rent, while in another position it affords none at all. 
In order to understand this, we must examine the way 
in which the electric currents present within the tissue 
^H examined are able to impart themselves to the wire of 
^^B the multiplier, in the case of the method of experiment 
^^H selected. 

^^1 Let U9 revert to the simple apparatus (fig, 36, p, 1 59), 

^^H in vliich we first studied the action of electric currents 
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oo a magnetic needle. A piece of rinc and a 
csopper are immersed in diluted enlphnric acid, tiii 
projecting edges being connected bj a piece of wire. 
When in this condition the ^paratna is said to be cloeed. 
Within it circolates a cnrrent which pa^es within the 
wire from the copper to the zinc, and within the fluid 
from the zinc to the copper. If the closing wire is 
observed by itself, no current arises in it iratil it is 
joined to the apparatna. And if the apparatus is ob- 
served by itself, that is, without the closing wire, there 
is no current present in it. It is only in a closed circle 
that a current can be generated. It is, however, in the 
apparatus that the cause which under favourable cir- 
ciunBtancea gives rise to the electric current, lies j for if 
the wire by itself is bent into a circle no cnrrent is 
generated within it. Even the cause of the generation 
ofcarrentswithin the apparatus may be shown. If when 
the apparatus is open, that is, when the circuit is not 
completed by the addition of the connecting wire, the 
projecting edges of the copper and zinc are connected 
with an electrometer, the gold leaflets are seen to di- 
verge, thus showing that an electric tension prevails 
at these metallic ends projecting from the fluid. This 
tension is positive at the copper end, negative at 
the zinc end. On connecting the two metals by a 
i^losing wire, the opposed electric currents unite, and 
this is the cause of the current in the wire. The force 
which within the wire exhibited electric tension con- 
tinues to act, and caiisea the current to continne to 
traverse the wire. Tliia is ca\\.&A the dectToinotive force 
of the apparatus. It expresses itself, when the apparatus 
is not closed, in the electric tension at the projecting 
metallic ends or poles of the apparatus ; and when 
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poles are connected together by a closing arch, it finda 
expression in the current which it generates in this 
arch. 

Supposing that the two metals contained in the 
fluid did not protxude from the latter, but were in 
contact with each other within the fluid, then it is 
evident that the apparatus would be closed in this case 
also, but the closing arch would then lie within the 
fluid. Through this the current must pass from the 
copper to the zinc, and from the zinc to the copper 
through the fluid. That this is really the ease can 
easily be shown, for on the immersed metallic surfaces 
globules are seen to be generated, due to the gases 
generated by the electric current by the separation of 
the water into its constituent parts, hydrogen being 
found at the copper, oxygen at the zinc point. In this 
cjLse, therefore, the apparatus is in itself closed. No 
external closing-arch is present, the existence of a mag- 
netic current at which con be indicated by means of a 
maguetic needle. Yet with a multiplier it is possible 
to show the currents circulating in the fluid, and in 
the immersed metals ; this may be done by a principle 
spoken of as the distribution of electric currents. 

Let ua assume that an apparatus k is not directly 
closed by a closing-arch, but that from each pole passes 
a wire which touches the conductor, the form of which 
does uot matter, shown in fig. 40 at two points, A B. 
It can be shown that the electric currents pass in this 
case through the body, but distribute themselves, not 
merely iu straight lines connecting A and 5, but 
throughout the body, so that they represent a number 
of lines of conduction, all of which meet together at 
the points A and B, where the electric currents enter 
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and leiive the body. If the hody which is inserted i 
simple' form, the separate lines of transmission may easily 
be calculated from the form; in bodies of irregular 
shape this is somewhat hard to do, but even in such 
cases it ia possible to determine esperimentally, not only 
that the electricity distributes itself throughout the 
body, but even the lines along which the separate cur- 
rents pass. 

Taking a simple example, for instance, a thick cyl- 
indrical rod, in which tlie electricity p;itsfs in at the 




surface of one end and out at the other, it is priTtia facie 
probable that the lines simply traverse the length of 
the rod parallel to its axis. We may in imagination 
replace the rod by a bundle of wires, each of which will 
in this case be traversed by a portion of the whole ; 
current. If one of these wires is cut, and its ends are 
connected with the multiplierj it is evident that that I 
part of the current which traverses this wire must ] 
pass to the multiplier and cause a deflectitm of th« , 
needle. But even if the wire is not cut, hut is ooo^ 
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nectcd with the multiplier at two points in its length, 
in this case also a part of the current must, in ac- 
cordance with the law of the distrlhution of currents, 
branch off through the multipher. 

8. This may be made intelligible in another way. 
We saw that a certain electric tension esiats at the poles 
of an open apparatus, and that the opposed tensions 
of the two poles are the causes of the current in the 
closing wire. If the poles were but once charged with 
proper quantities of electricity, these would imite in 
the wire, with the result of producing an instautsineous 
current. But as, in consequence of the electromotive 
force of the apparatus, the tension at the poles is con- 
tinually renewed, the current is continuous. So that at 
both ends of a closing wire opposed tensions prevail con- 
stantly, and these act on the natural electricity present 
in the wire, as in every other body, and set it in motion. 
Consequently, while the current flows throiigh the wire, 
different tensions must prevail at the various points of 
the wire. At the point of contact with the positive 
pole there is a definite positive tension ; at the point 
of contact with the negative pole there is a similar 
negative tension, and in the middle of the wire there 
must be a point at which the tension = 0. This may 
be diagram matically shown by representing the tension 
which prevails at each point of the wire by a line de- 
embed at right angles to the wire, the length of which 
represents the tension proper to the point in case. Let 
a h (fig, 41) be the wire; then the line a c is the ex- 
pression of the tension existing "at one of its ends, 
which is connected with the positive pole. In order 
to indicate that the tension at the other end, b, is 
n^fative, i e. of an opposite kind, let the line b d he 
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drawn dowTiward from a b. In the centre there is 
tension. At any point between the middle and the I 
end a, say at e, a positive tension must prevail which is 
leas than that at a, but greater than 0. It is expressed I 
by the line e f. Similarly at any point between the I 
middle smi the end b, say at r/, there is a definite 1 
negative tension which may be expressed by the line \ 
g h. The same thing may be done for each of the < 
other points in the wire. If the wire is quite uniform, 
the positive tension decreases quite regularly from the 
end a to the middle, and in the same way the nega- 
tive tension decreases quite regularly from the end b 
tn the middle. Uniting the ends of the lines which 



thus express the tensions, the result is an oblique 
straight line which cuts the vdre in the centre, and 
the distance of which from the wire at any point re- 
presents the tension at that point. 

This regular decrease in the tensions prevailing in 
the wire may be shown by means of an electrometer, if 
the latter is brought into contact with each point in 
the wire. The gradual decrease of the tensions in the 
wire is evidently also the essential cause of the move- 
ment of the electricity through the wire, for at each 
point in the wire there are adjacent portions in which 
the tensions gradually become less from left to right, 
BO that the electricity is enabled to flow from left to 
right. The case is evidently like that of a tube through 
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wiiicli water flows, for in that case alao the pressure of 
the water gradually and regularly decreases from one 
end to the other. To express this similarity we will 
apply to electric currents a term borrowed from flowing 
liquids, and will call the gradual decrease in the tension 
the fall ill the electricity. 

Let us compare two wires of the same thickness, 
bnt of unequal length, a b and e d (fig. 42). If a 6 
is inserted between the poles of a chain, the fall is 
represented by the oblique line e /. Supposing a b 
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removed, and c d inserted between the poles of the 
same chain, the tensions at the ends would be the same, 
so that the fall in the case of the wire c d may be 
represented by the oblique line g k. It will be ob- 
served tliat in the ease of the shorter wire the hne runs 
much more abruptly, the fall is greater, and the cur- 
rent of electricity advances much more rapidly in this 
wire. Assuming now that the two wires a h and c d 
are simultaneously attached to the poles of the chain, 
io this case also the tensions at the two ends must he 
equal, but the fall must be different. Supposing that 
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instead of these two wires a numter of separate w 
are used, then the same thing happens ; and if the wirea | 
are welded together into a common conducting body, 
this does not essentially alter the conditions of the fall, I 
so that we may imagine the whole body to consist of I 
these separate wires, in each of which a definite fall, f 
the steepness of which depends on the lengf.h of the 
particnlar wire, prevails. These wires are, however, 
merely paths along which the electric currents pass, 
and of which we have already spoken. In the case 1 
of these paths also definite fells must prevail, and these J 
must he more steep in proportion as tiie points 
which the electric currents enter and make tlielr exit | 
are nearer together. 

9, Let us return to the case of a simple wire I 
through which a current passes. On uniting two I 
points in this with two electrometers, these exhibit I 
varying tensions, and the difference is greater the fur- 
ther the two points are separated from each other, 
the points are then connected by a bent wire, it is I 
evident that the different tensions at the points of 1 
contact must effect a disturbance in the natural eleo- f 
tricity within the applied wires, and consequently muatN 
generate an electric current from the point at which'fl 
the tension is greater to that at which it is less. If &J 
niidtiplier is inserted in the applied wire, the needl&-l 
will be deflected. This is as tnie of a regular as of a 
irregular conductor. If in the body A B (fig. 43)rV 
electricity moves along various paths, and if, as we J 
have seen, different tensions prevail at two points i&J 
such a path, a current must arise if the ends of a b^its 
wire are applied to these points, and if the bent wire | 
is supplied with a multiplier the nccdh.' will be c 
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fleeted. On the other hand, in two different paths of 
conduction there must always be points at which the 
tension is the same. For in each path the tension 
begins at a certain positive value (at A), and passes 
through a value = to a certain negative value (at E). 
The needle of the multipher must, therefore, remain at 
rest if the two ends of the wire of the multiplier are 




applied, not to two points of different tension, but to 
two points of equal tension. This enables ua to ob- 
serve whether in any body in which electric currents 
move in any form, two points have similar or dissimilar 
tension, and by systematic experiments of this kind we 
shall evidently gradually obtain an insight into the 
form and relative position of the paths of conduction 
within the body examined, 
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CHAPTER X. 

1, DiTerting acclipa; 2. Current'CnrTeE and tenBion-c 
verting cylinders; 4. Method ot measuring tens! 
by compf Dsat ion, 

1. If the two ends of a bent wire are applied, in 
the way described ia the last chapter, to any conductor 
which is traversed by currents, then part, of the currents 
present in the conductor may flow through this wire. 
Part of the current ia, as it were, conducted out of the 
body in order to facilitate its examination. Under 
certain eireura stances this may cause an alteration In I 
the conditions of the currents within the conductor. ] 
We will, however, assume that this is not the t 
but that the tensions at the points at which the wire 
is applied to the conductor are not altered.' The | 
direction and strength of the current which arises in 
the conductor will then depend only on the differences \ 
in tension at the point of contact, and on the resistance ^ 
offered by the wire. 

A wire of this sort applied to a conductor tiaversed I 
by currents is called a diverting arch ; the ends of the I 
wire with which it touches the body to be examined 1 
are called the feet of the arch ; and the distance be- 1 
tweon these feet is called th^ distance of tension. 

' The oircnma!ancca under wMoh the exceptions occur c« 
be explained here ; jct matlcrfl may be bo arranged thai saoli excep- 1 
tions do occur. 
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The further nature of tb.e arch does not matter. 

may consist of one or more wires, and it may or 

lay not include moist conductors. Only one condition 

.ust be fulfilled : no electric actions must be caused 

by the contact of the diverting arch with the conductor 

which ia to he examined. Now, we have already seen 

that this ia unavoidable when metallic vtives are ap- 

ied to moist animal substances. The ends of the 

of the arch must, therefore, be connected with the 

Snc diverting- vessel 3 described above (fig. ;-i8). In 

this arrangement the clay shields, saturated with a 

salt-solution, represent the feet of the diverting arch. 

Such an arch, which neither in itself nor by its apph- 

cation to the conductor under examination affords any 

cause for the generation of currents, is an homogeneous 

arch. 

In order to attain a thorough knowledge of the 
latribution of tensions in a conductor, it would ap- 
rently be neces.sary to touch all points of the latter 
in turn with the feet of the diverting arch. This ia 
easily done in the case of the surface of the body, but 
as regards the inner parts it is hard and often imprac- 
ticable. We must therefore rest satisfied with an 
examination of the surface ; but it may be shown that 
trustworthy conclusions as to the character of the inner 
may be drawn from this study of the surface. 
2. Two cases must be distinguished. Either the 
iy to be examined ia in itself incapable of electric 
ion, and the electric currents, the internal distri- 
ition of which is to be esamined, are imparted to 
from external sources j or electromotive forces are 
:iiated within the body itself, and it is the currents 
lerated by these which form the object of research. 
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The case of organic tissues, with which we are con- 
cerned, is of the latter sort ; for we have seen that 
when these are inserted between the enda of a homo- 
geneous arch, electric action takes place under certain ' 
circumstances. The fact that in other cases no eueh ; 
action occurs will be intelligible after the account just 
given, for we may assume that in such cases the two j 
points which are touched by the ends of the arch are I 
similar in tension. 

Let BODE (fig. 44) represent a section through 1 




a body in which an electromotive force is present. For I 
the sake of simplicity we will assume that the body I 
is a regular cylinder, and that the electromotive force [ 
is sitiuited in its axis ; then that which we show in | 
the case of BODE will be equally true of every I 
other section. Let the point A represent the seat of J 
electromotive force' which sets the positive electricity J 
in motion toward the right, the negative electricity 1 
toward the left. The whole body is then occupied by I 

' Id order to h&ve a physical basis for Itiis electromotive farce w 
may imagine tlie cjliuder 1o consist of a flnid, and that at tbe point I 
.1 is situaled ahody consisting half of zinc, haif of cupper. 
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current-paths. We naturallj' tLink of these paths 
-within the cylinder as planes, bo that we obtain current- 
planes, which enclose each other like the scales of an 
onion, and which in the section which we figure form 
closed curves all of which pass through the point A. 
Thej are represented on tlie figure by unbroken lines. 
On each of these pnths a definite fall prevails, as we 
know — that is, in each of tliese the point immediately 
on the right nearest to A is the most positive, the ten- 
Mon gradually decreasing toward and up to the middle, 
where it = 0, then becomes negative, the greatest 
negative tension being immediately next to A on the 
left. This is true of all paths or lines of conduction. 
In each there is a point at which the tension = ; on 
the right of this the tension = + 1 ; yet further to the 
right it ^ + 2, and ao on up to the greatest tension at 
A ; and similarly in each curve, to the left of the zero 
point there are points at which the tension = — 1, 
— 2, and ao on. If all the points of equal tension are 
united, the result is a second system of curves, which 
are at right angles to the current curves, and which are 
represented in our figure by dotted lines. There is a 
curve which unites all points at which the tension = 0, 
another which unites those points at which the tension 
= + 1, and so on. These may be called ten»ion-curve» 
or iso-electrlc curves. In the cylinder the section of 
which is here drawn, these curves evidently represent 
planes which cut the planes of the currents alresidy 
mentioned, and which may be called tenaioTi^UtneK or 
iao-eledrie av/rfaoeB, On the outside of the cylinder 
these iso-electric surfaces are exposed, and nifet the 
surface in bent lines, which in the simple figuru 
which lies before us are all parallel, that if, Biirfiici'» 
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which cut the surfaces of the cylinder parallel to the ] 
surfaces of its ends. The Iso-electric surface repre- 
senting a tension = 0, cute the cylinder near its centre, 
and divides it into two unequal halves, of which the 
right is positive, and the left negative. The other iso- 
electric curves cut the surfaces of the cylinder in par- 
allel curved lines; and the iso-electric curves repre- 
senting the greatest positive and the greatest negative 
tensions meet the surfaces at the central points of the 
end surfaces of the cylinder which, in the figure given, 
are marked + b and — 6. 

The conditions are not always as simple as in this 
case. If the hody under examination is not a re- 
gular cyhnder, and if the electromotive force is not 
situated exactly ui its axis, then the arrangement of 
the iso-electrie surfaces is more complex. The body 
under examination is, however, always occupied by a 
system of current-planes inserted one within the other, 
and a system of iso-electnc burfaees can be constructed 
which cut the outer surfaces of the body in curves of 
one form or another. Along each curve of the outer 
surface corresponding with an iso-electric surface the 
same tension always prevails ; on two of these curves if 
adjacent the tensions always differ. Regarding therefore ■ 
only the surface, it may be said that if an electro- 
motive force is present within the body, this must cor- 
respond with a definite arrangement of tensions on 
the surfa^^e of the body. By studying this superficial 
arrangement of the tensions we may therefore draw 
conclusions from this as to the situation of the electro- 
motive force within the body. 

3, The diverting vesBels (fig. 38) above described 
are not always sufficient for the piu:poses of research. 
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Apart from (.he fact that the insertion of the animal 
substances between the pads cannot alnays te con- 
veniently managed, it is impossible to bring individual 
points of tbe substance info contact with the pads. This 
does not matter at all when the iso-electric curves run 
parallel to each other, aa in the case described in § 2, 
ou the outer surface of the cylinder. In such eases it 
is always sufficient to apply the sharp edges of the clay 
discs to the surface in such a way that all the points 
which come in contact with these edges belong to the 
same iso-electric curve. But even in observations on 




the surfaces of the ends of the cylinder the case is dif- 
ferent. Here the iso-electric curves form concentric 
circles. In such cases it is absolutely necessary to 
carry out with somewhat, greater accuracy the theoretic 
condition that the diverting arch should touch the 
conductor which is to be examined at two' points. An- 
other form of diverting apparatus, invented by du 
Bois-Reymond, ia used both for this purpose and for 
conducting currents to the body under examination in 
cases where it is important to avoid electrical polari- 
sation. These, which are usually called unpohii'is- 
able deotrodes, are represented in fig. 45. The glass 
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cylinder a, somewhat flattened, is attached to the stand 
A. The sqcket e and the motor apparatus on the 
column h allow the glass cylinder to he placed in any 
desired position. Within the cylinder is a strip of 
amalgamated sheet zinc b, which can be connected 
with the multiplier hy means of a wire. The glass 
cylinder is closed below with a stopper of plastic clay 
moistened with a solution of common salt, the project- 
ing ends of which can be moulded into a point which 
touches the smallest possible point on the conductor 
to be examined. The space within the glass cylinder 
is iilled with a concent rat'id solution of sulphate of 
zinc, and thus forms an impolarisable and homogene- 
ous conductor between the strip of zinc and the clay 
point. A second and exactly similar apparatus, which 
is only partly represented in the figure, provides for 
the diversion from the other point of the conductor. 

MTiateyet form of diverting apparatus is employed, 
the determination of the fact whether the two points 
touched by the feet of the diverting arch have like or 
unlike tension will be more accurate the more sensi- 
tive is the multiplier which ia inserted in the diverting 
arch. By placing the body to be examined in such a 
way that the various points in its surface successively 
lie on the pads of the above-described diverting vessel 
(see cli. is. § 5), or by touching them with the ends of 
the diverting cylinder just mentioned, it may be dis- 
covered which points Lave equal tension ifor in such 
cases the multipher will indicate no deflection), or, if the 
point-3 touched are unequal in tension, it may be dis- 
covered at which the positive tension is greatest. For, 
from this latter point a current must pass through the i 
multiplier to the point at which the positive tension is 
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less (or, in other words, the negative tension is greater), 
a fact which can be recognised by the direction of the 
deflection exhibited by the multiplier. In order, how- 
ever, thoroughly to understand the position of the iso- 
electric curves, it would also be necessary to know the 
absolute amount of the iso-electric tension at each 
point. Instead of this, however, it is sufficient to de- 
termine the difference between the tensions at each 
two points, which may be found by very accurate and 
trustworthy methods.' 

4. To calculate these differences from the extent of 
the deflei-tion of the multiplier would, for reasons which 
cannot here be further explained, be very inconvenient 
and would afford very inaccurate results. But these 
differences may be measured with quite sufficient pre- 
cision by a method invented by Poggendorff and after- 
wards improve<l by du Bois-Reymond. 

If it is required to determine the weight of any 
body, the latter is placed in one of a pair of scales, 
and weights are placed in the other until the two are 
again in equilibrium. As in this case the action of 
the two weights on the beam of the scales is to raise 
each other up, they must be equal. This well-known 
principle is, however, capable of an important generali- 
eation. It is, for example, required to determine the 
attraction exercised by a magnet on a piece of iron. 
The iron is attached to one end of the beam of the 
scales, weights to the other, till the beam is again 
balanced. The magnet being then placed under the 
iron, the balance of the beam is again disturbed by the 
magnetic attraction, and weight must be added to the 
other scale before it is restored. It is evident that the 
;e Moles and Addilions, Ko. 10. 
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)i;nnunt of weight required for this latter purpose affords 
a iiipafiure of the force of attraction between the iron 
and the magnet. 

In the present case a certain deflection in the multi- 
plier results from the difference in tension at the feet 
of the diverting arch. It is required to measure the 
difference. If it is in any way possible to influence the 
deflection of the multiplier in an opposite direction, and 
exactly to such a degree that the multiplier no longer 
indicates any deflection, then the two influences must 




be equal, and the one may serve as a measure for thw 
other. The experiment indicated in these instances 
is called measurement by compensation. In order tol 
apply it to the case in point, the action of one dif«fl 
ference of tension is cancelled by that of another whld 
may be altered at will. The rheochord, which has al*i| 
ready been described, affords a convenient means < 
doing this. 

Let R R' (fig. 46) be a wire extended in a s 
line (t he line of the rheoc.hord) through which a current^ 
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passed from the apparatus A'. W indicatcB Ein arrange- 
ment by which the current of this apparatus may be 
made to pass as desired either from R to R' or in the 
opposite direction, T is a multiplier by the deflection 
of which proof may be obtained that the current of this 
apparatus remains constant in its strength. The other 
parts given in the figure wc will for the present dis- 
regard. According to what we have already seen (ch. 
ix. § 7) a definite electric fall must be present in the 
rheochord. Let us assume that the current passes from 
R' to R, that the tension at fl = 0, and that it in- 
creases toward R\ As the rheochord line is entirely 
homogeneous, this increase must take place quite regu- 

I larly ; i.e. the tension at every point of the chord must 

I be proportionate to the distance of that point from R. 

\ Now let us imagine that a body, A B, within which 
I electromotive force is present, is to be examined. 
Naturally two points on its surface, a and 6, have dif- 
ferent tensions, and It is this diS'erenee which is to be 
asured. The point a must be united by means of a 
wire (in which is inserted as sensitive a multiplier as 
possible) with R ; the point b must be connected by a 
wire with a sliding-piece S which moves on the rheo- 
chord line. Two ditferences of tension now act on the 
midtiplier. Firstly, the differences of tcusion between 
the points R and S of the rheochord ; and, secondly, 

[ that between the points a and b. If at b there is a 
greater positive tension than at «., then the two dif- 
ferences of tension are opposed in action.' As the 



' It the positive 

wonld bo Dcceasar]' t( 

ItheihecThord. Tlie 

I Itila TBTerEsl of the ci 



■\ were greater nt a than nt b, then it 
36 the djxeulioQ of the current within 
tator ir is therefore inser'ed to effect 
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differeiife in tension between R and S can Iw idtered I 
by changing the position of S, the slide S may be< 
placed in such a position that the two influences exactly I 
balance each other, or, in other words, in such a position I 
that the multiplier indicates no deflection. Thus it is | 
evident that 



the diiference, that is, of the tension between b and ft 1 
is equal tfl the difference of tension between 8 and R. I 




Fio. J:. Du Bois-Ki 



The latter is expressed in millimetres, each of whichl 
indicates a certain constant amount when a definite | 
rheochord wire is used, and when the current which ii 
conducted through the latter is of a definite strength. 
To facilitate measurements of this kind, du Bdafl 
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Eejmaond invented a 'round compensator' (fig. 47), in 
which the wire of the rheochord r r' is placed on the cir- 
cumference of a circular disc of vulcanised india-rubber. 
The beginning and the end of the wire are connected 




Flo. 48. Diagram of electric measurement by means op a round 

COMPENSATOR. 

with the clamps I and II ; from the beginning a wire 
also passes to the clamp IV. The clamp III is con- 
nected with the small reel r, which is pressed by 
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a spring against the wire, and replaces the slide. By 
turning the disc the length of the inserted portion of 
tlie rlieochord is altered. 

The whole arrangement is shown more clearly in 
tig. 48, which may at the- same time serve as a diagram 
of the experiments with muscles and nerves, to which 
we are now about to turn our attention. N r' r S is the 
circular rheochord wire, through which the current of 
the measuring apparatus passes in the direction of the 
arrow ; /i is a muscle, two of the points on the outer 
surface of which, being connected with the multiplier, 
afford a current, which is exactly compensated by that 
portion of the current which branches off from the 
rheochord at the points r and o. The particular length 
r of the rheochord wire at which this exact compen- 
sation is accomplished, indicates according to the fixed 
standard (the degree of compensation) the difference in 
tension at the particular points on the muscle which are 
tested. This length may be found by turning the round 
disc, together with the platinum wire, until the mul- 
tiplier no longer indicates any deflection. By means 
of a magnifying glass, the length of the inserted wire, 
from its commencement at to the reel at r, < 
read off on a gradiuited scale. 



CHAPTER XI. 

I. A regalia moscle-pmni ; 2. Cunt^nts and tensions in a mnscle- 
prism; 3. Musde-rhomboa j 4. Iiregnlaroiascle'rlioiDbi ; 6, Cur- 
rent of m, giutrBcnemiiit. 

\. Beginning the study of the electric phenomena 
exhibited in animal tissues with muscles, we will at 6rat 
experiment only with single, extracted muscles. Even 
these, however, exhibit phenomena ao comples in some 
respects, that it will be better to take first a compani- 
' tively simple case. In taking one not exactly under 
natural conditions— if, that is, we use a muscle artifi- 
cially prepared fur the purpose of experiment — tliis pro- 
ceeding will find ample justification in the greater ease 
■with which we shall thus be enabled to understand the 
more complex examples whieh we must afterwards 
examine. 

Taking a regularly shaped muscle, in which the 
fibres are parallel, we will cut out a part of this by 
making two even cuts at right angles to the direction 
of the fibres. A piece of this sort may be called a 
regular mwscie-prwm. It is, according to the shape of 
the muscle used, either circular or more oval, or flat 
and band-like; its shape makes no difference, and the 
length and diameter are of equally little account. The 
only essential point is that all the muscle-fibres are 
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parallel to each other, and that the two cuts are made. I 
at right angles to the direction of the fibres. Fig, 49 J 
dlagrammatically represents a regular musele-priam of! 
this sort. The horizontal stripes represent the separate f 
bundles of the fibres. The outer surface of the prism^ 
which therefore corresponds with the upper siir&£e of ■ 
the fibres, is called the lovgitudinal section of Ihef 
prism ; and the terminal surfaces, at right angles to I 
the longitiidinal section, are the crosa-sections of thej 
muscle-prism. The Hnes running at right angles to\ 
the direction of the fibres are, as we shall presently I 
find, tens ion -curves. 

A regular muscle-prism such as this exhibits a very 4 
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simple distribution of tension. All the lines of tension^ 1 
or the iso-electric curves, run on the surface i 
parallel to the cross-sections. Kound the middle of the I 
muscle-prism passes a line separating it into two sym^ I 
metrical halves; this we will call the equator. The- 1 
greatest positive tension to be found anywhere on the I 
Burfece prevails at this point. Every point on theJ 
equator has a greater positive tension than any othecfl 
point on the longitudinal, or the cross-section. OnJ 
either side from the equator, the positive tensi 
dually decreases along the longitudinal section quital 
regidarly in both directions, imtii, at the point where:^ 
the longitudinal meets the cross -section, iL = 0. 
the cross-sections themselves the tei 
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[ everywhere negative, and the greatest negative tension 
t prevails at the centre of theae, and decreasea from these 
I points up to where the cross-sections meet the longitu- 
I diual section. 

2. From this distribiition of the tensions it ia easy 
to infer the phenomena which the muscle shows when 
I it is inserted between the pads of the diverting vessels 
V above described, or between the diverting cylinders 
[■which represent the feet of the diverting arch. It is 
I evident that no current will result when two points on 
I the equator, or two points on any one of the tension- 
I curves are tested, Nor will any current result when 
I two different points, on either side of the equator, are 
1 connected, if these points are equidistant from the 
L equator. Nor will any current result when the two 
I cross- sections are applied to the pads ; but, on the eon- 
I trary, a current will be observed as soon as any point 
on the longitudinal section and any one on either of 
I the cross- sections are- connected, or when two points 
I the longitudinal section, situated at unequal dis- 
tances from the equator, touch the pads ; or, finally, 
f when two points on the same cross- section, or two 
points, one on each of the two cross-sections, situated 
at unequal distances from the central point, are con- 
L nected. The strongest current will result when a point 
t on the equator is connected with the central point on 
( one of the cross-sections; weaker currents are gene- 
I rated when two nnaymmetrical points on the longi- 
rtudinal section, or two unsyrametrical points on the 
[.cross-section are connected. All these cases are re- 
I presented in fig. 50. The rectangular figure a 6 c cJ 
represents a section through the muscle-prism ; a b 
• and C d are transverse sections through the longitu- 
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dinal section, and a c and 6 d are transverse sectiona 
through the cross-acctioh. The curved lines represent 
the diverting arches, and the arrows show the direction 
of the currents which are generated in these. No 
currents are generated in arches 6, 7, or 8, for these 
unite symmetrical points. 

Moreover, the rate at which the tension decreases 
in the longitudiniil section is, not regular, but at a 
gradually increasing speed from the equator to the 
ends. If, therefore, we find these iso-electric curves, the 



I 




tensions of which differ by a definite amount, these, in 
the centre of the muscle-prism, are at some distance 
from each other, but gradually approach more closely 
together toward the edge of the cross-section. If the 
tension prevailing at each point in one side of a longi- 
tudinal section is represented by the height of a straight 
line drawn at right angles to that side of the longitu- 
dinal section, then the curve which unites the heads of 
these lines is level at the centre of the longitudinal 
section, but sinks rapidly down toward the edges of the 
cross-section. A somewhat similar fact is observable on 
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the cross- sett ions, where the tension-curves, correspond- 
ing with equaJ differences of tension, are nearer to- 
gether toward the edge of the longitudinal section 
than in the middle. If the feet of the diverting arch 
are equidistant, the currents, both from the longitu- 
dinal section and from the cross-sections, are therefore 
stronger the nearer is the point under esamination to 
the limit between the longitudinal and cross- sect ions. 
Fig. 51 shows this circumstance: A in the figure re- 
presents the tensions on one of the longitudinal sections 
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and on one of the cross-sections of the transverse section 
represented in fig. 50 ; while at B t.he teQsion-cur\-es in 
a cross-section itself are represented. The latter, if the 
muscle-prism is perfectly round, are concentiic circles. 
In order to judge of the direction and strength of the 
current residting when a conducting arch is applied to 
any two points of a muscle-prism, it is only necessary 
tx) determine the difference of tensions at the feet of 
the arch, and, in so doing, to notice that when positive 
tension prevails at one of these points, negative tension 
at the other, the current through the arch is always in 
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the direction from the positive to the negative point jj 
but that, if the feet are both positive, or both negative, I 
the current passes from the more to the less positive i 
point, or from the less to the more negative point. 
From the curves in A and B, fig. 51, which show the 
tensions, the currents indicated in fig. 50 may therefore ' 
easily be discovere.-!. 

3. Once more let. ns take a muscle, the fibres of i 
which are parallel, and cut a piece out of this, bnt in 
such a way that the cross- section, instead of being at | 
right angles to the direction of the fibres, is obliquely 
directed toward the latter. A piece of this sort may be 
called a inu8cle-rhombus ; if the cross-sections are ' 
parallel to each other, it is a regular TnuBcle-rhonibus ; 
if otherwise, an irregular muade-rhoTnbuH. In such a 1 
muscle-rhombus, the distribution of the tensions, and, 
consequently, the form of the iso-electric curves, is 
much more complex than in a muscle-prism. In this 
case the curves are not, as in a mnscle-prism, parallel, 
but are sometimes of very complex form. 

It ia tme that in this case also there is tl 
distinction between the longitudinal section, or outer 
surface of the musele-rhombus, and the cross-^ectiouB. 
The former are always positive, the latter negative. 
But both in the longitudinal and cross- sections a 
difference ia noticeable between the obtuse and the 
acute angles. The positive tension is greater at the 
obtuse than at the acute angles of the longitudinal 
Bcction; and, similarly, the negative tension is greater 
at the acute than at the obtuse angles of the cross- ' 
sections. Consequently, a peculiar displacement of the 
tension-curves, of which iig. 52 is intended as a i^. \ 
presentation, talics place in a regular muscl^rhombua. 
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Let US suppose that the muscle from which the rhnmbiis 

■ ■was cut was cylindrical. The two cross -sections will 

■ then form ellipses; in the case of a regular muaclc- 
r rhombus, equal ellipses. A section through the longi- 
I 'tudinal axes of both these ellipees will therefore give 
I an asymmetrical parallelogram with two obtuse, and 
I two acute angles (a rhomboid). Such a section is re- 
[ f rdisnted in the figure. In it, a h and c d correspond 
I with the longitudinal section, a c and 6 d the croas- 
I Bectiona. The latter are identical with the longitudinal 
' axia of the actual cross-seelions. On the side corre- 




L^ponding with the longitudinal section, the greatest 

jsitive tension is no longer found in the middle, but 

P^B removed toward the obtuse angles, at e and e'. The 

tensions fall very rapidly from here toward the obtuse 

tngle, gradually toward the acute angle. In the cross- 

■etions the greatest negative tension occurs near the 

jBcute angles ; and the fall toward the acute angles is 

■rsry abrupt, that toward the obtuse angles ia gradual. 

The iso-electric curves on such a regular muscle- 

3ionibus in the cross -sections form ellipses, one pole 

E which corresponds with a focus on the edge of the 



196 



PHYSIOLOGT OF MDSCLES AND SERV^ES. 



cross-section, near the acute angle. In the longituiinal I 
secLion they form spiral lines, which nia obliquely round I 
the outer surface of the cylinder. The electromotive I 
equator, which unites the points at which the greatest f 
positive tension prevails, forms a line round the circi 




ference, which separates the rhombus into two equal I 
halves. 

Supposing thiit a plane is drawn in such a regular i 
muicle-rhombus, through the small axis of the elliptiel 
cross-sections, a rectangular figiu-e will be obtaiiied.1 
The muscle-fibres lying iu such a section are all cat| 
in a similar way, and their condition is exactly alika, 
Therefore in this section also the greatest tension ( 
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£he longitudinal, as on the croBB-sections, is situated in 
the centre, and an arrangement of the tensions exactly 
similar to that in a muscle-prism is observable. 

From what has teen said, the direction and strength 
of the currents which are generated on the intercon- 
nection of any points in a muscle-prism by the appli- 
cation of an arch may easily be inferred. They are 
represented in fig. 53. The direction of the currentH 
in the applied arches is in every case indicated by 
arrows; where there are no arrows the arch connects 
two point-s of equal tension, so that there ia no current 
(e.g. arches 4 and 9). The currents all pass from the 
obtuse to the acute angle, through the applied arches, 
CKcept in the fifth and tenth, in which the direction is 
reversed. 

4. The phenomena in irregular muscle-rhombi do 
not difi'er essentially from those just described, but the 
arrangement of the tensions is asymmetrical. Passing 
to muscles in which the arrangement of the fibres is 
irregular, it is apparent that each cut made must always 
meet a part of the fibres obliquely, and that, therefore, 
the matter just explained must always be borne in mind 
in explanation of the phenomena, which are sometimes 
very complex. Not to enter too fiur into details, we 
need only say that the same fundamental principle 
asserts itself in all muscles; everywhere the longi- 
tudinal section, as distinguished from the cross- section, 
is positive ; and in all cases there is a point or line in 
tJie longitudinal section which ia the most positive, 
and a point in the cross-section which is most negative ; 
80 that, if an arch is applied, currents pass through this 
from the longitudinal to the cross-section, weaker cur- 
xents between points in the longitudinal section, and 
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between points in the cross-secfion respectively. The 
position of these most strongly positive and most 
strongly negative poiats depends on the angles which 
the fibres form with the cross-sections, and may be 
found by the rules given in the last paragraph as to the 
influence of obhque section. 

Of all the many muscles of the animal body one 
claims special attention, because, for purely practical 
reasons, it is most frequently used in physiological ex- 
periments : this is the calf-muscle (m. gastrocnentiue). 
It ia easily prepared, even without severing its connec A 
tion with its nerve, a fact which, for reasons presently! 
to be stated, is of great importance. It affords, af 
shall see, a powerful current ; it long retains its capacity \ 
for action ; and, in short., it has many advantages by I 
which we were induced, when studying the activity ofj 
muscle and the excitability of nerves, to make use of it , 
almost exclusively. As, however, the structure of the 
muscle is very complex, the nature of its electric action 
is by no means easily understood. We must, however, ' 
describe at least its main outlines, as we must employ I 
the muscle in further important experiments. 

In order to understand this action we must pre- " 
viously observe that it is not absolutely necessary to 
cut a piece out of a muscle, but that entire muscles are 
also capable of affording curreuta. In dealing with the 
muscle-prism and muscle-rhombus, we assumed that 
the pieces were cut from parallel-fibred muscles. The 
longitudinal sections of these pieces retained their 
covering of muscle-sheath (^•perimysium) and, in feet, 
corresponded with the natural surface of the muscle. 
The cross-cuts were, however, made into the actual 
substance of the muscle, so that part of the interior 
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■was Liid bare. Such eross-sectiona may be termed 

avtificiai, while the longitudinal sections of these prisms 

or rhombi may be called natural. Longitudinal sections 

may also be formed artificially, by splitting the muscle 

in the direction of its fibres ; and we may speak of 

I natural cross-sections, by which we understand the 

I natural ends of the muscle-fibres while still closed with 

I the tendonous substance. Now the action both of longi- 

I tudinal and of cross-sections is the same whether they 

1 natural or artificial.' It is, therefore, always pos- 

I Bible to obtain currents from an uninjiured muscle 

[. exactly as from artificially prepared muacle-prisras and 

I rhombi. 

5. To the circumstance that it can, while still un- 

Jinjured, afford powerful currents, is due the special 

fimportance of the gastrocnemius. This muscle may 

I- in all essential points be classed among the penniform 

I muscles ; though in reality it is thus conditioned only 

I towards its upper tendon, the part toward the lower 

Itendon being rather of the cijaracter of a semipenniform 

muscle. In order to understand its structure, let us 

magine two tendonous plates, an upper and a lower, 

I connected by muscle-fibres stretched obliquely between 

them, BO as to form a semipenniform muscle. Now let 

us suppose the upper tendonous plate to be folded in the 

middle, as a sheet of paper might be, and that the two 

folded halves are in apposition. We now have an 

Tipper tendon plate, situated within the rausele, fi-orn 

^■which muscle-fibres pass obliquely in both directions ; 

She lower tendon has, however, been so bent by the 

Eolding of the upper so that the whole muscle is shaped 

" e a turnip split in a longitudiual direction, the flat 

' Excpplicna to Lilis nJe will presently be menliiiaed. 
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surface of which (turned toward the bone of the \owei 
leg) is formed solely of muscle-fibres, exhibiting a delicE 
longitudinal streak as the only indication of the t 
buried within it ; the arched dorsal surface is, on t 
contrary, clothed, as regards the lower two-thirds 
length, with tendonous substance which passes beloi 
into the so-called tendo Achlllia. 

It is evident that such a muscle hiis naturally an ' 
oblique cross-section, represented by this tendonous 
covering, and a longitudinal section which includes the 
whole of the flat, and a little of the curved portion^ 
This muscle can, therefore, without any further prei 




paration afford currents; for which reason it 

most advantageously used in a large number of exper 

ment«. 

Regarding once more the structure of the gaetT 
cfiemius, as it has just been described, a natural longitii« 
dinal section is recognisable in the whole flat part am 
a little of the upper portion of the curved surface; andfl 
a natural cross-section is to be recognised in the greate 
and lower part of the curved upper surface. No secoiu 
cross-section exists in this muscle, for the upper tendcu 
is buried within the muscle. The currents which tlu 
muscle sends through an arch applied so as to connect 



THE CURRENT OF M. GASTROCNEMIUS. 201 

diflFerent points on its outer surfiice will now easily be 
understood, and are as represented in fig. 54. It is 
most especially necessary to notice that a strong current 
must be generated on the interconnection of the upper 
with the lower end of this muscle, and that the current 
within the arch is directed from the upper to the lower 
end of the muscle. The upper end must be strongly 
positive ; for it represents the middle of the longitu- 
dinal section. The lower end must be strongly negative ; 
for it is the acute angle of an oblique cross-section. 
There are very few points so alike in the matter of ten- 
sion that no current results from their connection. A 
case of this kind is, however, shown in the fourth 
arch. 
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CHAPTER XII. 

1. K'egatire variation of the m uscle- current ; 2, Living' mnaclc is 
alone electricallj activo ; 3. rareleclronomy ; i. Secondary pul- 
BBtiuD aod secondary telHnus; G. Glands and their currents, 

1, The powerful current afforded by an entire Tn,. ^oa- 
trocnemiua enables us to answer the inaportfint queatioii 
as to the character of electric phenomena during con- 
traction. All that ia neeesaary ia to prepare this musc'Ie, 
together with its nerve, and to insert its upper and 
lower ends between the pads of the diverting vessel 
already described, and then to place the nerve on two 
wires so that it can he irritated by inductive currents ; 
it must then become evident whether the activity of 
the muscle has any influence on its electric action or 
not. 

In order to carry out the experiment, let us suppose 
the musc:le, as shown in fig. 55, placed between the 
pads of a diverting vessel, these pads being brought 
somewhat near each other, so that the contact of the 
muscle with the pads is not disturbed by the con- 
traction of the former. The nerve, which has been 
extracted with the muscle, is laid on two wires which 
are connected with the secondary spiral of the inductive 
apparatus. A key, inserted between the nerve and the 
spiral, regnlat-es the inductive currents so that the nerve 
is not excited. When all is arranged, and the mnlti- 
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plier Las assumeii a fiscd deflection, the estent of which 
depends on the strength, of the mtiscle-cnrrent, the kev 
at S is opened. Inductive cmreuta pass through the 
nerve, and the mnscle contracts. At the same instant 
the deflection of the multiplier is observed fo decrease. 
If the irritation of the nerve is intemipted, the deflec- 
tion of the multiplier again increases; and when the 
irritation is again commenced, it again decreases, and 
this process continues as long as the muscle continues 
to aftbrd powerfii! e 0:1 1 ructions. 



This experiment, therefore, shows that (he current 
of the gaetroctiemiua is weakened during contraction. 
This may be most strikingly shown by a variation of 
the experiment just described. After the niust'le has 
been placed in position and a deflection of the multi- 
plier has been caused, the muscle- current may be com- 
pensated, as described in Chapter X. § 4, Two currents, 
equal but in opposite directions— the current of the 
musele and that of the compensator — now, therefore, 
pass through the muscle and cancel each other. As 
long as these two currents are equal, no deflection can, 
occur in the multiplier. When the nerve is then irr:- 
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tuted and the muscle contracts, the current becomes 
weaker; the current afforded by the compensator thus 
gains preponderance, and effects a deflection which is, 
of course, in exactly tlie opposite direction to that which 
wua originally effected by the m\isc]e. 

There is strong reason to believe that this alteration 
in the strength of the muscle-current really depends on 
the activity of the muscle and is not occasioned by any 
accidental circumstance a. Any form of irritant may be 
used indifferently t« effect this activity. Chemical, 
thermieal, or other irritants may be used in place of 
electricity to irritate the ner\'e ; or the experiment may 
be made on a muscle which is still in connection with 
the whole nervous system, and the contraction may 
be effected by influences acting through the spinal 
marrow and the brain. But the result is always the 
same. Even when external circumstances entirely pre- 
vent contraction, the irritated muscle, without changing 
its form, exhibits this decrease in its current as soon as 
it is brought into the condition of activity by irritation. 
If, for example, care is taken that the muscle retains 
its form unaltered, by listening it in a suitable clamp, 
and if this muscle is then irritated into activity, the 
current decreases in exactly the same way as when the 
experiment is carried out as before described. 

It is an especially interesting fact that this sitme 
phenomenon may also be observed in the muscles of 
living and uninjured men. It is very hard to prove 
that the electric action of muscles of living animals 
in their naturdi position is exactly the same as that of 
muscles when extracted ; but the fact that on contrac- 
tion exactly the same electric processes occur in muscles 
whether they are in their natural position or have been 
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extracted is quite certain. E. dii Bois-Reymond stowed 
this in the human Bubject in the following way. The 
ends of the wire cf the multiplier are connected with 
two vessels filled with liquid, and the index linger of 

both hands is dipp^-d in these vesselis. lis in fig. 56. 




I A rod arranged iu front of the vessel gerves to Bteady 

the position of the hands. Ciurents are then present 

in the muscles of both arms and of the breast, which, 

fiince the groups of muscles are symnietriCTllyarrangod, 

, cancel each other, acting one on the other. If for any 

' reason any current remains uncancelled, it may be 

[ compensated in the way before described. When all 

I ia thus arranged, and the man strongly contracts the 
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luiiEcle of ono arm, the result la an ammediate deflec- 
tion of the multiplier, which indicates the presence of 
a current ascending in the contracted arm irom the 
hand to the shoulder. If the muscles of the other arm 
are contnicted, a deflection occurs in the opposite direc- 
tion. We are, therefore, able by the mere power of the 
■will to generate an electric euirent and to set the mag- 
netic needle in motion. 

Summing up all that has been said, it appears that, 
during muscular contraction, the electric forces acting 
in the muscle undergo a change which is independent 
of the alteration of form in the muscle, and is con- 
nected with the fact of activity itself. As, during thia 
alteration, the current which may be exhibited in an 
applied arch becomes weaker, the term negative-varia- 
tion of the, muede-current has been appUed to it. 

2. The negative variation of the muscle-current on 
contraction, as described in the last paragraph, ia a 
proof of the fact that in the electric action of muscle ~ 
we have to do, not with an accidental physical pheno- 
menon, but with an action very closely connected with , 
the essential physiological activities of muscle. Ifc is , 
therefore worth while to trace an action of this aort | 
more accurately, as it may possibly aid in the explaoar 
tion of the activity of the muscle. 

It may, in the first place, be safely asserted that all 
muscles of all animals, as far as they have at present 
been examined, exhibit the same electric action. Even 
smooth muscles act electrically in the same way; 
though in that case the phenomena are less regular, 
owing to the fact that the fibres are not so regularly 
arranged as in striated muscle. Moreover, the electric 
activity of smooth muscles seems to be somewhat 
weaker. 
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Further, it is to be observed that the electric aolivitj 
of muscles is connected with their physiological power 
of accomplishing vork. Wlien muscles die, the electric 
phenomena also become weaker, and finally cease en- 
tirely when death-stiffness intervenes. Muscles which 
can no longer be induced to contract even by very 
strong irritants may indeed still show traces of electric 
action ; but this power soon disappears. Nor does the 
electric activity, when it has once disappeared from a 
rigid and dead muscle, ever, under any circimistances, 
return. 

Although it may be assumed as proved that the 
electric activity of muscle is connected with the living 
condition of the muscular tissue, it must not, however, 
be inferred from this that, this activity is necessarily 
always present during life. It ia conceivable that the 
preparation necessary for the study of electric action 
(the exposure of the muscle, its connection with the 
arch, &c.) might produce changes in the living muscle 
which are themselves the cause of electric activity. 
To Batisfy tliis doubt it would be necessary to show the 
previous existence of electric activity, wherever it is 
possible, in uninjured men and animals. The great 
difficulty which lies in the way of such proof has already 
been mentioned. The more complex ia the arrange- 
ment of the fibres and the position of the seporale 
L muscles present in any part of the body, the harder is it 
I to say, apriori, how the separate currents of the various 
f muscles combine. It must also be added, that the skin, 
through which the electric action is aeceBsarily observed, 
' ia in itself somewhat electrically active,' and that, in 
' other ways also, it increases the ditKculty of proving the 

' Thea.' skin-cnrrKiifa will be again mcntiontil. 
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presence of muscle-currents. Due regard being had 
to all these circunistances, the conclusion may yet be 
drawn that entirely uninjured muscles situated in their 
natural position are in themselves electrically active. 
It is true that this has been repeatedly denied by many 
observers. Our reason for reasserting it is that the ex- 
planation of the phenomena on the assumption of the 
absence of electromotive opposition in uninjured miiscle 
necessitates very forced and complicated assumptions, , 
while our \-iew is able to explain aU the known tacts 
very simply and in a thoroughly satisfactory manner 

3. The electric action of muscles which, though ex- i 
tnicted, are otherwise uninjured, is often very weak, 
and 18 sometimes even reversed ; that is to say, the j 
natural cross-section is not negative, but positive, in I 
opposition to the longitudinal section. This condition | 
is found chiefly in the muscles of frogs which have I 
been exposed diaringlife to severe cold. It is, however, 
only necessary to remove, in any way, the natural cross- ' 
section with its tendonous covering, in order to elicit 
action of normal character and strength. In parallel- 
fibred muscles it is often necessary to remove a short 
piece, of from 1 to 2 mm. in length, from the end 
of the muscle-fibres, before meeting with an artificial 
cross-section in which the action is powerful. 

This phenomenon, which was called pttreZech-onomy J 
by E. du Bois-Reymond, because it differs from the ■! 
usual electric action of muscles, gave rise to that ex- 
planation of the electric phenomena according to which 
the electric opposition between different portions of the 
muscle is not present in the normal muscle, but only 
intervenes on the exposure of the muscle. The diffi- 
culty mentioned above, of showing the muscle-currenta 
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in uiiinjiired animals, lent force to this explanation. 
Yet no BufficJenttj strong proof of this view lias Leen 
brought forward to cause ua to doubt the existence of 
electric action in uninjured and living muaclcB. 

The question does not, however, essentially affect 
the physio logical conception of the relation of this ac- 
tivity to the other vital qualities. It is unimportant 
whetlier the separate portions of the outer surface of 
a muBcle are similar or disHimilar in the matter of ten- 
eion. The only essential point is, as to whether electro- 
motive forces are present within the muscle, and whether 
these are in any way related to the physiological work 
of the muscle. Negative variation has a deeply impor- 
tant bearing on this question, bo that we will, after this 
digression, return to a more detailed study of this 
phenomenon. 

4. It is unnecessary to tetanise the muscle in order 
to exhibit negative variation. If a sufficiently sensitive 
multiplier is used, a single pulsation suffices. Even 
without a multiplier, negative variation may be very 
well shown in the following way, 

On a f/a8in*c7ientiiia prepared with its ner^ (fig. 57), 
or on an entire thigh (jB, fig. 58), the nerve of a second 
gastrocnemius, or thigh, A, is placed in such a way 
that one part of the nerve touches the tendon, another 
part touches the surface of the muscle-fibres. The nerve 
then represents a sort of applied arch, uniting the nega- 
tive cross-section and the positive longitudinal section, 
and a current, corresponding with the difference of ten- 
sion at these points of contact, pisses through the nerve.' 

' This corrent may at the roDment of ils generation, i.u. on l.ljo 
judden appliiaiion of the nerve, excrciBC an irritaliog effect on 
\hc nerve and may elioit a pnlgaiion of Ihe mnBcle. Tlila ii tli« 
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If the nerve of the muscle B is then irritated, either by 
closing or by opening a current, by an inductive shock, by 
scissiun, by pressure, or in auy other way, the muscle A 
is observed to pulsate also. This is called second- 
ary pulsation. The esplauation is easy. Themuscle- 
eurreut from B during its pulsation suffered a negative 
variation. This variation took place also in that por- 
tion of the current which passed through the applied 
nerve ; and, as every nerve is irritated by sudden change 



I 




in the strength of the current, the result was a secon- 
dary pulsation 

A variation of this esperiment is \erv interesting. 
The heart of i frog continues to beat for some time 
after it has been extracted from the body If the nerve 
of a muscle is pliced on this heart so as to touch ita 
base and point, the muscle pidsatL"" at every beat of 
the heart. In this case, 1 he heart-mnsele affords the 
muscle-current, the negative variation of which irritates 
the applied nerve and causes secondary pulsation. 

'piilBalitin withovit melals ' {^uchmg uhiie Hfrtalle) which has 
gained celebrity from the nrilinga of Voltn, HiimboMl, and others. 



^EcoyoAsr puisation jsd tetasus. 
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If the nerve of one muscle is placed on a second 
muscle in such away that no observable part of the 
current passes through the former (as shown in the 
nerve of the muscle C, in fig. 58), no secondary pul- 
sation takes place in the muscle. 

If the nerve of the first muscle is repeatedly irri- 
tated in sucli a way that the muscle B passes into a 
state of tetanus, then the muscle A assumes the con- 
dition of secondary tetanus. This important experi- 
ment shows that variations of electric activity take 
place in rapid auccession in tetanised muscle. For it 
is only owing to such rapidly succeeding variations in 
the strength of the current that a persistent, tetanising 
irritation can occur in the second nerve. Just as the 
phenomenon of muscular tone led us to the conclusion 
that muscle-tetauus, though the similarity in external 
form is apparently complete, is not a state of rest, but 
that the molecules of the muscle must be in constant 
internal motion during tetanus, so we now find from 
the phenomenon of secondary tetanus that throughout 
its duration a continual variatinn occurs in its elec- 
tric condition ; and from this we may infer that elec- 
tric variation is connected with the motion of the 
molecules which causes contraction. 

More detailed study of negative variation has also 
shown that it occurs even in the stage of latent irri- 
tation, that is, at a time at which the muscle has not. 
yet altered its external form in any way. It has also 
been found that the electric ehauge which occurs on 
irritation propagates itself when the muscle-fibre is 
partially irritated at a rate equal to that of the propa- 
gation of the contraction (from 3 to 4 m. per second : 
cf. ch. vi. § 5, p. loa). When, therefore, a muscle- 
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fibre of some length is irritated at one point, an electric 
change at first occurs only at this point; this continues 
an extremely brief time, and then mns wave-like along 
the muscle-fibre; and this electric change is then fol- 
lowed by the mechanical change of contraction and 
thickening, which is called contraction, and which then 
propagates itself in a similar wave-like manner. If, 
however, the whole fibre is irritated at once, the elec- 
tric change occurs aimultaneouslj throughout the fibre, 
and this is then followed by the mechanical change. 

5. The glands are in many points very similar to 
the muscles, though their structure is bo different. A 
gland of the simplest form is a cavity lined with cella, 
opening by a longer or shorter passage through the 
outer surface of the mucous membrane, or the outer skin 
(coHum), which lies above it. The cavitymajbe hemi- 
spherical, flask-shaped, or tubular. In the latt^?^ case the 
tube is often very long, and is either wound like a thread, 
or is coiled, and is sometimes expanded at ita closed 
end in the form of a knob. These are all simple gla/tida. 
GoTnpound glaitda are fmmd when several tubular or 
knob-shaped glands open with a common mouth. Suh- 
sfances, often of a very pecuHar character, are found 
within the glands, and are secreted on to the outer 
surface through the mouth. These are the sweat and 
fat of the skin, which are prepared in the sweat or fat 
glands of the skin, the saliva and the gastric juice, 
which, owing to their power of fermentation, play an 
important part in digestion, the gall, which is formed 
within the li\er, and other substances. The similarity 
alluded to between the muscles and the glands consists 
in the dependence of both on the nerves. If a nerve 
which is connected with a muscle is irritated, the mnscle 
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beconiesactive, thatis, it contraofa; and if a nerve which 
' ia connected with a gland is irritated, the gland be- 
r conies active, that is, it secretes. If, for example, the 
f nerves which pass into a salivary gland are irritated, the 
f saliva may be made to ooze in a stream from, the mouth 
\ of the gland. It la certainly an important fact that, 
f except muscles (and disregarding the nerves, which wilt 
e spoken of in the following chapter), the glands are 
tha only tissue which has been shown to posseas regular 
electric activity. This is not, indeed, true of all glands, 
but only of the simple forms, the bottle-shaped or skin 
glands. Wherever a hirge number of these occur regu- 
larly arranged, side by aide, it is found that the lower 
surface, that which forms the base of the gland, is posi- 
tively electric, while the upper surface, that which forms 
I the exit duct of the gland, is negatively electric. This ia 
best shown in the skin of the naked amphibia, in which 
glands abound, and in the mucous membrane of the 
■ mouth, stomach, and intestinal canal of all animals. 
In these tissues all the glands are arranged in the same 
order, aide by side, and all act electrically in the same 
direction.' In compound glands, on the contrary, the 
separate gland elements are arranged in all possible di- 
rections, so that the actions are irregular and cannot be 
I calculated. 

In the skin-glands of the frog, as in the glands of 

' These cnrrEnla of the akin-glands afford one of the roasona lo 
J whioh. allusion liai already boon made (§ 2) why the iudicalion of 
ulc-corrents in living and nninjured animals is beaut with diiii- 
I cultieB. As the (inrrcnts of Iho skin-glands at Iwo points of the 
i ekin from which the mnsole-ciitronl. ia lo he diverted fuo not 
I' Always ot eqnol alrength, therefore the action of the skin roinglcB 
I with, and affects tliat o( the nnderljing miLsclcs. ao nfl to hinder the 
I detection of the lalti:r, 
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the mucous membrane of the stomach and intestinal 
canal, it may be clearly shown that the electric force 
is really situated in the glands. On irritation of the 
nerves which pass into the skin by which the glands 
are excited into activity, the gland-current decreases in 
strength, and exhibits a negative variation, just as the 
muscle-current decreases when the muscle is excited 
into activity. In this case, also, a relation therefore 
exists between the activity and the electric condition ; 
and this adds to the similarity between muscles and 
glands. 

Engelmann tried to explain the secretion of the 
glands physically, by the electric currents present 
within them. This must, however, be regarded as not 
yet suflSciently confirmed to claim further attention in 
this place. 



CHAPTER XIII. 

1. The nerve-current ; 2. Negative variation of the ncrve-curront ; 
3. Duplex transmission in the nerve ; 4. Rate of propa^^at ion 
of negative variation; 5. Electrotonus ; 6. Kh^otric tiH.mie of 
electric fichcs ; 7. Electric action in plants. 

1. In addition to the many points of Himilarity 
between mnseles and nerves exhibit erl in their be- 
haviour when irritated, it cannot escape notice that 
the nerves also exhibit electric phenomena, and tliat 
they do this in exactly the same way as docs . muscle. 
Nerves being formed of separate parallel fibres, these 
phenomena are exactly analogous to those in a reguLir 
muscle-prism; only that in a cross-section of a ncTvc^, 
on account of its small extent, difterences of tension 
cannot be shown at the various points, and tlie cross- 
section must be regarded as a single point. 

.In an extracted piece of nerve all the points on 
the upper surface, that is, on the longitudinal section, 
are as a fact positive, in distinction from those on tlie 
cross-section, which are all of one kind. On the longi- 
tudinal section the greatest positive tension is always 
in the centre, and the tension decreases toward the 
cross-sections, just as in the muscle-prism, at first 
slowly, afterwards more abruptly, as shown in ^g, 59. 

Because of the small diameter of the nerve-trunks, 
distinction cannot, of course, be drawn between straight 
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and oblique cross-sections, aucb as we made in the case 
of muscle ; nor can phenomena due to the oblique course 
of tlie fibrea be detected, as in muscle. Where larger 
inasses of nerve-substance occur, as in the dorsal mar- 
row and brain, the course of the fibres is so complex 
that nothing can be a^rmed except that the ctobb- 
sections are always negative in distinction from the 
natural upper surface or longitudinal section. 

2. If a current is conducted from any two points on 
the longitudinal section of a nerve, or from one point 
on the longitudinal section or one on the cross-section, 
and if the nerve is then irritated, the nerve- current 
evidently becomes weaker. It does not matter what 
form of irritation is used, provided that it is sufficiently 
strong to cause powerful action in the nerve. It thus 
appears that in the nerve, as in the muscle, a change 
in the electric condition is connected with its activity, 
and that this change is a decrease, or negative variation 
of the nerve-current. We must now go back to the 
statement already made (chap. vii. § 2), that the ac- 
tive condition of the nerve is not shown by any change 
in the nerve itself. We then found it necessary, in 
order to observe the action of the nerve, to leave it in 
undisturbed connection with its muscle. The muscle 
was used as a reagent, as it were, for the nerve, because 
in the latter neither optical, chemical, nor any other in- 
dicable changes could be observed. In its electric tonali- 
ties we have, however, now found a means of testing 
the condition of the nerve itself. W^hatever view la 
taken as to the causes of electric action in nerves, it 
is at least certain that every change in the electric con- 
dition must be founded on a change in the nature or 
arrangement of the nerve substance ; and that there- 
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fore the evident negative variation of the nerve-oiirrent 
is a sign — as yet the only known sign — of the processes 
which occur within the nerve during activity. This sign, 
therefore, affords an opportunity of studying the ac- 
tivity of the nerve itself independently of the muscle. 
3. E. du Bois-Ueyniond made an important use of 
this fact in order to determine the significant question, 
whether the excitement, in the nerve-fibre is propagated 
only in one, or in both directions. If an uninjured 
nerve trunk is irritated at any point in its course, two 




ictions are usually observable ; the muscles connected 
*rith the nerve pulsate, and, at the same time, pain is 
. The excitement has therefore been transmitted 
£rom the irritated point both to the periphery and to 
centre, and it exercises an influence in both places. 
Now, it may be shown that in such cases two ditFer- 
oit kinds of nerves are present in the nerve-trunk 
■—motor nerves, the irritation of which acts on the 
e; and sensory nerves, the irritntion of which 
! pain. In some places each of those kinds of 
fibre occurs separately ; and where this is the case, irri- 
tation of the one results only in motion, irritation of 
^^^the other only in sensation. It is evident, therefore, 
^^^Uhat the experiment in no way determines whether when 
^^^B motor nerve alone is irritated, the excitement is trans- 
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mitted only toward tile periphery or also toward the 
centre ; or as to whether, when a sensory nerve alone is 
irritated, the excitement is transmitted only toward the 
centre or also toward the periphery. For as the sensory 
nerves do not pass at the periphery into muscles, by 
means of which their actions could be expresBcd, there 
is no meana of telling whether the excitement in them 
is transmitted to the periphery. But our knowledge of 
the electric changes which occur during activity affords 
a means of determining this question. For these* 
changes are observable in the nerve itself, independently 
of the muscles and other terminal apparatus. If a- 
purely motor nerve is irritated, and is then tested at a 
central point, negative variation is found to occur in 
this also; and similarly, if a purely sensory nerve is 
irritated, negative variation may be shown in a part of 
the nerve lying between the irritated point and the 
periphery. This, therefore, shows that the excitement 
in all nerve-fibres is capable of propagation in both 
directions; and that if action occurs only at one end, 
this is due to the fact that a terminal apparatus capable 
of expressing the action is present only at that end.' 

4. If negative variation in the nerve current ib 
really a necessary and inseparable sign of that condition 
within the nerves which is called the ' activity of the 
nerves,' it must, like the excitement, propagate itself 
within the nerve at a measurable speed. Eemstein 
succeeded in proving this, and measured the speed at 
which tha propagation occurs. If one end of a long' 
nerve is irritated, the other end being connected wU 
a midtipher, a certain time must elapse before -thf 
irritation, and consequently also the negative variation^" 
' See Notes and Addilions, No. 11. 
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reaches the latter end. In. ordinary experimentB the 
irritation occurs continuously, and the connection of 
the other end of the nerve with the midtiplier is also 
continuous. But the time which elapses between the 

^ commencement of irritation and the commencement of 
negative variation is, even in the case of the longest 
nerveawith which experiments can be tried, far too short 
to allow of observation of this retardation. Bernstein 
proceeded as follows : two projecting wires were fastened 
to a wheel which turned at a constant speed. One of 
I these wires, at each revolution, closed an electric current 
I for a very brief time, and at regular intervals of time 
r repeatedly effected the irritation of one end of the 
nerve. The second wire, on the other hand, for a very 
brief time connected the other end of the nerve with a 
multiplier. When irritation and connection with the 
multiplier occurred simidtaneouslv, no trace of negative 
variation was observable ; for, before the latter could pass 
from the irritated point to the other end of the nerve, the 
connection of the latter with the multiplier whs again 
interrupted. By altering the position of the wires it 
was, however, possible to cause the connection of the 
nerve with the multiplier to occur somewhat later than 
the irritation. When this difference in time reached a 
certain amount, negative variation intervened. From 
the amount of this time, together with the length of the 
passage between the point irritated and that at which 
the current is diverted, it is evidently possible to catcu- 
^late the rate of propagation of the negative variation 
pithin the nerve. Bernstein in this way determined 
ie rate at 25 m. per second. This value corresponds 
I nearly with that found for the propagation of the 
(Kcitement in the nerves (24-8 m. ; see ch. vii. § 3) aa 
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fiiH be expected in experiments of this nature ; and i 
mny be umionditionally inferred from this correspond- 
ence that negative variation and excitement in theiiervea 
are two intimately connected and inseparable processes, 
or rather two aspects of the same process observed by 
different mean a,' 

5, The negative variation of the nerve current ia 
not the only electric change known to occur in nerves. 
Lender the name ' Elect rotomis ' we have already (ch. 
"ii. 5 1, p. 125) mentioned cerlain changes in the ex- 
citability which oueiir in the ner\'e fibre as soon as an 




electric current is transmitted through a piirt of it. 
These changes in the excitability correspond with 
changes in the electric condition of nerves, which we 
called electrotonic. In fig. 60, ii n' represents a nerve, 
a and fc two wires applied to the nerve through which an 
electric current is transmitted from o toward k; a is 
therefore the anode, it the kathode of the current em- 
ployed for the generation of electrotonus. As soon as 
this current is closed, all the points of the nerve on tht 
side of the anode (from n to a) became more poaitive, 
all 0)1 the side of the kathode (from Jc to n) more 
' See Natoa and Additions, No. 12. 
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negative than they were. These changes are not, how- 
ever, the same in degree at all points ; the change ia 
greatest in the immediate neighbourhood of the elec- 
trode, and decreases proportionately with the distance 
from this. If the degree of positive increase from a 
to 71 is indicated by lines, the height of which expresses 
the increase, and if the tops of these lines are con- 
nected, the result is the curve n p, the form of which 
shows the changes in tension occurring at each point. 
The changes on the kathode side may be represented 
'in the same way, but that in this case, in order to 
B^owthat the tension on that side becomes more nega- 
Ltive, the lines may be drawn downward from the nerve. 
LThe curved line q n', is the result. The two portions 
? (if the curve n p and q n' then show the condition of 
the extrapolar parts of the nerve. Nothing is really 
known of the condition of the intrapolar portion of the 
nerve, for, for external technical reasons, it is im- 
possible to exajnine this.' We can only suppose that 
» changes in tension sneh eis those indicated by the 
dotted curve p q occur there. 
If the curve in fig. 60 is compared with the dia- 
gram of the changes in excitability during electri>- 
tonns (as given in fig. 31, page 130), the analogy 
between the two phenomena is very striking. The 
two really represent but different aspects of the same 
process — of the changes, that is, which are induced in 
the nerve by a constant electric current. Comparison 
^^^of the two curves shows, however, that when the 
^^Btension becomes more positive the excitability is de- 
^^B creased, and that when the tension becomes more 
^^f'regative the excitability is increased. The change 
^^K ■ See Notes and Add[liona, Ko. I.t. 
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ja tension and the change in excitability both probabl 
depend on molecular changes within the nerve, as 
the nature of which we are not yet in a position to s 
anything further, but the simultaneous appearance 
which, under the influence of externally applied electric 
currents, ia nevertheless very interesting and will per- 
haps in future afford a key to the nervous processes 
which occur during excitement. 

In examining the changes in tension which take 
place during electrotonus, the difFerences in tenaii 
already exiBting at the various points must of eouri 
be taken into consideration. If the diverting arch 
applied to two symmetrical points of the nerve, the; 
are homogeneous. If it is applied to any other points, 
the existing differences in tension can be cancelled by 
the method of compensation above described (chap. x. 
5 4). The differences in tension due to electrotonua' 
are then seen unmixed. In all other cases these dif-i 
fercnces express themselves in the form of an increass-J 
or decrease in the strength of the nerve-current whiol 
happens to be present. Yet the law of the chanj 
in tension is the same in all cases. 

6. As we found certain points of resemblance be- 
tween nerves and glands, so the nerves of the tissue of 
■ the electric organs, in which in the cases of the fishes. 
already mentioned such powerful electric action ta^ea- 
place, may be classed with these. Without entering^ 
deeply into the researches, as yet very incomplete^ 
which have been made into the structure of these" 
electric organs, we may yet accept as already proved.!' 
that, the so-called electnc plate— a. delicate membran- 
ous structure, very many of which, arranged side hy, 
side and under one another in regular order, constitute ' 
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L tte whole organ^ — is to be regarded aa the basis of the 

organ. A nerve-fibre passes to each electric plate ; 

I and under the influence of irritation, whether this is 

due to the will of the animal or to artificial irritation 

of the nerve, one side of this plate always becomes 

more positive, the other more negative. As this occurs 

in the same way in all the plates, the electric tensions 

I combine, as in a voltaic battery, and this explains the 

lirery powerful action of such organs as compared with 

■ that exercised by miisclea, glands and nerves. 

There is, indeed, a great difiference between the 
B-jast-mentioned tissues and the electric tissues of elec- 
. Muscles, nerves and glands when quiescent 
generate electric forces, which undergo a cbange during 
■ftctivitj. Electric tissue, on the other hand, is en- 
Ttirely inoperative when quiescent, and becomes elec- 
ptricallj active oniy when it is in an active condition. 
K Though unable to explain this difference, we must re- 
Imark that it affords no ground for the inference that 
I the actions of these tissues are fundamentally dif- 
\ ferent. Whether a tissue exercises externally apparent. 
I electric action, depends on the arrangement of its ac- 
tive elements. But the changes which occur during 
iieir activity in muscles, glands and nerves, and also 
I in electric tissue, are evidently bo similar that they 
t must be regarded as related. An attempt will be made 
tin the next chapter to obtain a common explanation of 
kail these phenomena. 

7. It has already been stated that electric phenomena 
ave been observed in plants also, though we found no 
fficient reason to attribute any great physiological 
mpfflrtance to these. It therefore created much sur- 
riae when the physiologist Burdon-Sandersou a few 
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years ago stated as the result of his observation! 
that iu the leaves of Venua' Flytrap (JiioncBa niU8<» 
fula), regular electric currents occur, which, 
the TDOveraent of these leaves, exhibit negative van^ 
ation exactly ae do nerve- currents. He was inducer 
to make his observations by Charles Darwin, who, ill 
the course of his study of insectivorous plants, at« 
tempted to show an analogy between the leaf-movt 
ments of the DtontEa and the muscular movements ( 
animals. Darwin's observations have since been pub- 
lished in detail,' They show the interesting fact thafc4 
in various plants glandular organs occur which secrete 1 
juices capable of digesting albuminoua bodies. Thel 
plant above mentioned, DioncBamuscipula, is provided J 
with these glands; and in addition to this it is irri- 
table, as is the Mimosa pudica described in the first I 
chapter. When an insect touches the leaf, the halves J 
of the leaf close on each other, and the imprisoned J 
insect is digested and absorbed by the secreted juice, J 
In judging of the nature of these leaf-movements, it is 1 
necessary to decide whether they are really analogous | 
to muscle-movements, and whether the identity extenifeij 
even to the electric phenomena, as Burdon-Sandersoul 
would have us believe. Eecent researches by FrofeBSOKl 
Mimk of Berlin have not confirmed this. The move-'S 
ments of the leaf of the Dioticm must be regarded atfi| 
entirely similar to those of the Mimoea pud/ica. TheB»' ■ 
movements are dependent, not on contractions, as araMJ 
(hose of muscle, but on curvatures which occur in tluij 
leaf in consequence of an alteration in the supply o 
moisture in the different cell-strata. The leaf doe 
indeed exercise electric action, though notinthemmpl 
' Oa Tiiieetirormt Planti. I*ndon, I8TB- 
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way claimed by Burdon-Sanderson. Changes in the 
electric action also occur during the curvature, but 
these changes do not correspond with negative varia- 
tion in the nerve-current ; they are probably connected 
with the circulation of the sap within the leaf. From 
my own study of Mimosa pudica I had already adopted 
similar views. In this plant I was unable to detect 
regular electric action during quiescence ; but on the 
falling of the leaf-stalk, I observed electric currents 
which might be explained as the result of the circu- 
lation of the sap. We must, therefore, be content to 
accept the fact that electric phenomena in plants are 
not to be classed with those observed in muscles, 
glands, nerves, and in the electric organs of certain 
fishes. 
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CHAPTER XIV. 

I. Oeaeral summarj- ; 2. Fundamental explanatorj- prmo^ilu; 
Compariaon of muscle -pri$m and magnet ; i. ExplmmtioD of the 
tension in muscle -prisma and mnaole-rhombi ; 6. EiplanaUoa 
of negative variatioo and parelectranomy ; H, Applioation to i 
nerves ; T. Applioalion lo ulectric organs and glands, 

1. SummiDg up the most important facts given in. J 
the foregoing chapters, we may make the foUoninj 
atatementa :^ 

(1) Every muscle, and every part of a muscle, whes 
quiescent, is positive on its lonffitudi7ial section^ 
negative on its cross-section. In a regular musd 
priam, the positive tetnsion decreases regularly J 
the centre of the longitudinal section toward the eTida^ 
and the negative tension does the same in the ero8»*1 
sections. In a muscle-rhamhus the diatAhution ofi 
the 'tension is somewhat diffei'ent, for in 
greatest positive tension is removed toward the obtm 
angle of the loTigitudvnal section, the greatest negativi 
tension toward the acute angle of the cross-section. 

(2) During the activity of the muscle the differi 
in tension decrease. 

(3) Entire TJiuscfes often exhibit bnt slight differ 
ences in tension, or even none at all; but we mut^\ 
nevertheless assume the existence of electric opposition f 
ill them.. 

(4) N'eri-es are positive on the longitudinal sediotif 1 
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npgative on the. cross-sect hn. The fivmiest positive. 
tension ia in the centre of the lonffitiidinal section. 
During activity the differences in teTision decrease. 

(5) The electric plate of electHc fish ie, when qui- 
escent, electrically vnactive ; vnjluenced by the nerves, 
the one side becomes electrically positive, the other 
negative. 

(6) In the glands the base is positive, theopening 
or inner sv.rface negative ; during activity the dif- 
ferences in tension decrease. 

These propositions state only the most important of 
the conditions which have been shown by experiment. 
On the outer surfaces of the tissues examined we found 
differences in electric tension ; and we found reascin 
to believe that the causes of these differences in t-ension, 
which occur with great regularity, must be situated 
within the tissues themselves. We now have to dis- 
cover these causes, and this is not bo easy to do as 
it perhaps appears at first sight. Difficult as it may be 
to calculate the tensions which must prevail at each 
point on the outer surface of a given body, within 
which an electromotive force is situated, yet the diSi- 
cnltiea in this case may be overcome by skill. It is 
different, however, when the problem ia reversed, when, 
the distribution of tho tension having been experi- 
mentally found, it is required to discover the seat of 
the electromotive force. The difficulty in this case 
consists in the feet that the task is undefined, and 
that many very various solutions may be found. More- 
over the task is rendered yet more difficult by tho 
fact that we do not know whether one or many elec- 
tromotive forces are present, situated in different part« 
of the body. 
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2. Let I 
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! suppose, for example, that in the body 
deacribed in Chapter X. § 2, the distribulioa of i 
tension which prevails on the surface as the result of J 
the electromotive forces then assumed, has been proved. 
I^t us now imagine that this particular electromotive 
force is removed, and is replaced by another, situ- 
ated at any other point in the body. Accordingly, the 
body will be occupied by current-curves of different ( 
form, corresponding' with different iso-electric curves, l 
Consequently, the distribution of tension on the sur- 
fiice is also quite different. A third electromotive | 
force situated at any other point would again involve 1 
an entirely different distribution of the tension, and so i 
on. Helmholtz has shown that when many such 
electric forces are present at one time in a body, the 
tension which actually prevails at each point of the 
Burfece is equal to the sum of all the tensions which 
woidd be generated at this point by each of the electro- 
motive forces by itself. If, therefore, a certain distri- 
bution of tension has been experimentally found, it is 
possible to conceive many combinations of electromotive 
forces which might afford such a distribution of tension. 

The rules of scientific logic afford a standard by i 
which to choose to which of all these possible cc 
binations the preference shall be given. The theory I 
selected must, in the first place, be able to explain, nofc I 
only one, but all the circumstances experimentally I 
found. If new facts are discovered by new experi- 
meuts, then it must be able to explain these also, or it I 
must be relinquished in favour of a better theory^. 
Secondly, if several theories seem equally to satisfy the \ 
required conditions, then preference must be given to I 
the simplest rather than to the more complex theories. 
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But in ail cases it must be borne in mind tliat these 
are ffnly theories, the valne of which consists in the 
very fact that they afforil a common point from which 
all thu known facts may be regarded, and that they 
must in no case contradict the value of scientifically 
established facts. We require such hypotheses, partly 
because they point the way to further research, and 
thus greatly aid the advance of science; and partly 
because the human understanding finds no satisfaction 
in the simple collection of separate facts, but rather 
strives, wherever it has discovered a series of such 
facts, to bring' these, if only provisionally, into reason- 
able connection, and to gain a common point of view 
from which to regard them. 

3. Turning now to our task provided with these 
preconceptions, we will at first confine our attention to 
muscle. A regular muscle-prism exhibits a definite 
distribution of tensions. But every smaller prism 
which may be cut from the larger exhibits the same 
distribution of tensions. No limits to this are as yet 
known, for even the smallest piece of a single muscle- 
fibre susceptible of examination is conditioned in this 
respect just as a large bundle of long fibres. Two 
possible explanations may be given of this. It may 
be assumed that the electric tensions are due merely 
to tho arrangement of the muscle-prism, or such an 
arrangement of electromotive forces already present 
in the muscle may be conceived as explains all the 
phenomena found to occur in the muscle. Mateucci 
and others tried the first of these ways. But when 
du Bois-Reymond imdertook the study of this subject, 
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I and, with a degree of patience and perseverance un- ^^H 
equalled in the history of science, discovered very many ^^H 
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fiicts, for but a few of which we have been able to find I 
place in the foregoing chapterB, he was dissatisfied with 
this way, and, therefore, tried the second. And thus be i 
was enabled to form an hypothesis which afforded an i 
explanation of all the previously-known facts, of all 
those which have come to light since the hypothesis 
was first formed, and even of some which were first j 
indicated by the hypothesis itself and were then t 
firmed by experiment. It is true that attempts on i 
the other side have since been again made to restore I 
credit to the older hypothesis, but the attempts have 
been in vain. We shall, therefore, fully accept the 
hypothesis constructed by du Bois-Reymnnd as being | 
alone capable of including and combining all electro- I 
physiological facts. 
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The phenomenon, that when a muscle-prism is cut 
into two halves, each part exliibits an arrangement of 
the electric tensions exactly analogous to that which 
before prevailed in the entire prism, recalls a corre- 
Mponding phenomenon observed in the magnetic rod. 
It is a well-known fact that every magnetic rod has two 
poles, a north pole and a south pole. The magnetic 
tension is greatest at these two poles, and decreases 
towards the centre j and at the actual centre it = 0. 
If the magnet ia then cut through in the centre, each 
half becomes a complete magnet, with a north and a 
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south pole, and exhibits a regular decrease of the mag- 
netic tensions from the poles to the centre. However 
often the magnet is subdivided, each fragment is always 
a complete magnet with two poles, and a regularly 
decreasing tenaion. To explain this, it is assumed that 
the whole magnet consists entirely of small particlfis 
(molecules), each of which is a small magnet with a 




north and a south pole. These small molecular mag- 
nets being all arranged in the same order, somewhat 
as is shown in figure 61, they act in combination in 
the whole magnet ; hiit each separate part also acts in 
the same way. 

The muscle may be similarly conceived, A stri- 
ated muscle consists of fibres, all of which in the ease 
of a regular muscle-prism run parallel to each other, 
and are of equal length. Each fibre must be regarded, 
according to that which was said in Chapter I. § 2, as 
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composed of regularly arranged particles, each of which 
consists of a sinall portion of the simply refracting 
elementary substance, in which is embedded a group 
of the double-refracting disdiaclasts. Such a particle 
may bo called a tniiscle-element. The muacle-fibre 
would accordingly consist of regularly arranged muscle- 
elements, the sequence of which, in. the longitudinal 
direction, forma the fibrillae of which mention has been 
made; in the lateral direction forms the discs into I 
which the muscle-fibre may separate xmder certain | 
circumstances. A diagram of a piece of muscle-fibre 
would, therefore, present au appearance somcwhiit as 
in fig. 62, in which each of the small rectangidar 
figures represents a muscle-element. Each such muscle- 
element is, therefore, in all essential poiuts an entire 
muscle, for the fibre is but an accumulation of such 
muscle-elements, each exactly like the other; and the 
whole muacle is but a bundle of homogeneous muscle- 
fibres. In each muBcle-clement we must, therefore^ 
recognise the presence of all the qualities which belong j 
to the whole muscle. It possesses the capacity of I 
becoming shorter, and at the same time thicker ; and f 
finally — and this is the gist of the question here under | 
discussion — it has the same electric characters as 
observable in the entire muscle. 

4. We therefore assume that every muscle-eleraent I 
is the seat of an electromotive force, in virtue of which j 
it is positive on the longitudinal section, negative on | 
the cross-section. If a single muscle-element of this 
sort were surrounded by a conducting substance, avB- 
tama of current-curves from the side of the longitudinal 
section to that of the cross-section would be present 
within it. If many such muscle-elements are arranged 
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side by side and one behind the other in the reyidar 
arrangement which we have assumed, then the whole 
must, as has been shown by calculation, be positive 
throughout its longitudinal section, negative through- 
out its cross-9ej:tions. Now, Bi:pposing that this whole 
aggregation of muscle-elements la surrounded by a 
thin layer of a conducting substance, then currents 
such as are represented in tig. 63 must he present 
I within it. These current-curves then accurately corre- 
i Bpond with that distribution of the tensions which was 
experimentally shown. The greatest, positive tension 



must prevail in the centre of the longitudinal section ; 

[ the greatest negative tension in the centre of the 

I cross section ; and both must decrease in a regular way 

I toward the edges. 

We now take a bundle of muscle-fibie^, the ends 

I of which are formed by two artificial straight cross- 
aections, in other words, a regular muscle-prism. The 
separate muscle-fibres, which constitute the bundle, 
are Hurrounded by sarcolemma, held together and en- 
veloped by connective tissue. Moreover, the outer- 
most striit.i must obviously become subject sooner than 
the inner to tlie unfavourable influences of mortifica- 
tion, which, as we have seen, finally lead t^ the entire 
loss of electric qualities ; these outermost strata there- 
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fore become quite inoperative, or less operative than 
the inner. This injurious influence must be yet more 
strongly developed on the cross-section, where a layer 
of crushed, that is, dead muscle-substance, overljes 
the parts which yet remain operative. Owing to all 
these circumstances, a coating of inoperative but con- 
ducting substance envelopes the operative muscle- 
elements, and the distribution of the tensions on the J 
regular muscle-prism ia fully explained. And when I 
such a muscle-prism is divided, tJie conditions always 4 
remain unaltered. Each part uf a mitwdc-prism must 1 
act as woiJd the whole. 



I 




Fig. 64. DiAOi 



Our hypothesis is therefore quite able to esplain 
the electric phenomena of a regular muscle-prism. 
We must now see how it stands in relation to the other 
facts which we have learned. If the artificial c 
section is made obliquely to the axis of the musclo- 
fibres, as in a regular or irregular muscle- rhombus, tbei 
our assumed muscle-elements, at the cross-section, ■ 
be arranged one over the other like st^ps, and i 
clothed by a layer of crushed, and therefore ino| 
tive tissue, as is represented in fig. 64. On sucli & I 
cross-section it ia evident that separate currents musb ' 
circulate from the positive longitudinal section twl 
the negative cross-section of each individual muscle^ 
element, and these combine with the current circm 
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lating from the longitudinal to the cross-section of 
the entire prism, to make the obtuse angie more 
poaitive than negative. 

5. We must nest inquire how the negative Taria- 
tion of the muade-current during activity can be ex- 
plained in accordance with our hypothesis. We have 
already found reason to believe, from the phenomena 
of muscle-tone, that the contraction of the nmscle 
depends on a movement of its smalleat particles. Mi- 
croscopic observation of muscular contraction shows 
that the movement takes place within each muscle- 
element, for the change in form may be detected in 
each muscle -element just as in the whole muscle-libre. 
It is therefore not difficult lo conceive that, in con- 
nection with those movements of the smallest particles 
within each muscle-el ementj the electromotive opposi- 
tion between the longitudinal and cross-sections of that; 
element undergo a change. It is of little importance 
whether we conceive the matter as though the mo- 
lecules of the muscle undergo vibratory motion during 
contraction, or whether we give the preference to some 
other theory. Where facts are wanting to support or 
■contradict certain assumptions, the imagination may 
have free play, and may picture any process by which 
changes of the kind under consideration might pos- 
aibly be brought about. But the discreet man of 
science, while allowing himself this liberty, ever re- 
members that such free play of the imagination is of 
no real scientific value, either didactically, as explain- 
ing known facts, or temporarily as leading and inciting 
to new researches. Good hypotheses are always av«l- 
able in both these ways, and the scientific man uses 
only such. He may perhaps amuse himself in a leisture 
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quarter of an hour by allowing liie unagination to 
carry the hypotheses further than the point up to 
wliich they are based on known fiicta ; but he does not 
presume lo urge the results on others. 

Finally, we have to examine how hi the hypothesis 
to which we have given the preference is confirmed by 
the phenomena observable in entire muscles. The 
tendonoiis covering on the ends of muscle-fibres may 
be regarded aa a layer of non-active conducting sub- i 
stance. In so far as the same phenomena are ex- | 
hibited in the uninjured muscle, aa in the muscle- 
prism or muscle-rhombus with its artificial cross 
section, nothing need be added to the previous ex- 
planations. But this is, as we have seen, though i 
generally, yet not always the case. The natural crosa- | 
section of a muscle is generally very slightly negative, 
sometimes not at all, as compared with the longi- 
tudinal section ; but the negative character becomes 
marked as soon aa the natural cross-section has been 
destroyed in any way, either mechanically, chemically, 
or thermically. In explanation of this condition of | 
the natural ends of muscle -fibres, we may assume that 
the arrangement of the molecules in the latter or in ■ 
the terminal muscle-element a in each muscle-fibre may , 
sometimes be ditferent from that at all other points. 
If, for example, the cross-section in the terminal ' 
muscle-element were not negative, the muscle-fibre 
could afford no current, though such a current would 
arise as soon as this terminal muscle -element was re- 
moved or was transformed into a non-active conductor. 
E^ii Bois-Eeymond has lately succeeded in discover- 
ing a very probable reason for this abnormal condition 
of the ends of muscle-fibres; hut without entering too 
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Bdeeply into detiiils we should not be able to ox]>Iait) 
his here,' 

6. We will now turn our attention to nerves. The 
resemblance of the phenomena in the case of muncleH 
aid of nerves is so great that it is natural at on(« to 
RCransfer the hypotheses assumed for the former to t.lie 
tatter. It is true that in nerves there are not the 
microscopicailj visible particles (the so-called muwk— 
■elements) on which we based our theory in the case 
ftof muscles, and in which we recognised the presence of 
■electromotive forces. But from what we have already 
l«een of the processes of excitement in the nerve, it is 
lai least evident that in the nerve also separate par- 
ticles, with independent power of movement and inde- 
■pendent; forces, must be arranged in sequence in the 
Klongitudinal direction of the none- If, without Ix-ing 
p»bit) to say anything further of their nature, but lie- 
Icause of the analogy, we call these particles nerve- 
f dements, and if we assume that each of these nerve- 
elements is the seat of an electromotive force, in 
consequence of which the longitudinal section exhibits 
positive tension, the cross-section exhibits negative 
tension, then the phenomena in the quiescent nerve 
and the negative variation of the nerve-current during 
activity are explicable exactly as were the correspond- 
ing phenomena in muscles. The entirely similar be- 
haviour of nerves and muscles when irritated i 
sufficient to show satisfactorily that the two must be 
very much alike in their physical atrncture ; and the 
similarity of their behaviour in point of electromotive 
activity is such as to lend weight to our assumption of 
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the aimilarity in the arrangement of their smallest 
particles. 

But together with many points of resemblance, 
nerve and muscle exhibit some points of difference. 
The miiscle during activity changes its form and is 
able to accomplish work ; the nerve is incapable of I 
this. The nerve, on the otlier hand, under the in- 
fluence of continuous electric currents, exhibits those 1 
changes in excitability which we observed under the 
name electrotonua, and which, as we have seen, corre- 
spond with changes in the distribution of the tensions | 
on the outer surface of the nerve. No correspo 
ing phenomena have been shown in muscle. Other | 
changes which effect these changes in tension must, 
therefore, occiur within the nerve -element. 

It ia a well-known fact that all substances occupy- 
ing space are regarded as composed of small particles, 
to which the name molecules is given. In a simple 
chemical body, such aa hydrogeu, oxygen, sulphur, iron, 
and so on, all these molecules consist of homogeneoua 
atoms J in a chemically compound body, such as water, [ 
carbonic acid, and so on, each molecule is composed of j 
several atoms of different kinds. A molecule of water," ' 
for instance, consists of an atom of oxygen and two I 
atoms of hydrogen ; a molecule of carbonic acid o 
sists of an atom of carbon and two atoms of oxygen ; I 
a molecule of common sidt consists of an atom of I 
natron and an atom of chlorine, and so on.' A piece I 
of salt contains a very large number of such atoms J 
composed of chlorine and natron, but each of these-l 
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(in pu,r& cookiug Hult) 18 like every other. But a 
niUBcle, a nerve, or any other organic tissue, ia much 
more complex in structure. Molecules of albumen, 
of fats, of various salta, of water, and so on, are 
mingled in il, A very small piece of such a tissue 
must be regarded from a chemical point of view as a 
compound of very many different substances. To avoid 
confusion, the name ' muacle-element ' or ' nerve- 
element ' has been given to these particles, in which 
we assume the existence of all the quahtiea of muscle 
or nerve, but this name expresses nothing further than 
a fragment of a muscle or nerve. Even such a frag- 
ment must be regarded as of very complex structure. 
Very complex physical and chemical processes may 
take place within it ; and the processes of muscle and 

ve activity, the actual nature of which is as yet 
quite unknown to us, are certainly connected with such 
chemical and physical processes. If electric forces also 
occur in such a nerve- or muscle-element, it is not sur- 
prising that these also undergo various changes. Of 
this sort must be the changes which occur during ac- 
tivity and during electrotonus. 

In speaking, as we have occasionally done, of nerve- 
aud muscle-molecules, we have, therefore, not used the 
t«rm molecule quite in the clear and fixed sense in 
which the term is used in chcmisti'y. Our conception 
was rather of som.ething which, itself composed of va- 
rious chemical substances, forms a unit of another 
order. For the sake of brevity we shall still sometimes 
use the expression in this sense, as, after the explana- 
tion which has now been given, we may do this without 
fear of being misunderstood. A muscle- or a nerve- 
molecule accordingly means a group of chemical mo- 
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leciiles combined in a particular way, many of which, 
in combination, form a muscle -molecule or a nerve- 
element respectively. 

We have learned to regard the negative variation of 
the muscle- or nerve-current as a movement of these 
muscle- or nerve -molecules respectively, in consequence 
of which the differences in tension between the longi- 
tudinal and cross-sections become less. In explanation 
of the electric phenomena of electrotonna, we may now 
assume that under the influence of continuous electric 
currents the ner\'e-molecules assume a different relative 
position by reason of which the distribution of the i 
tensions on the outer surface of the nen-e is changed. | 
This changed position is retained as long as the olectric 
current flows through the nerve, and disappears more 
nr less rapidly after the opening of the current. At 
first it tabes effect only within the electrodes, but it i 
propagates itself through the extrapolar portions, be- | 
coming gradually weaker the further it is from the I 
electrodes. In illustration of this conception, we may j 
avail ourselves of the compiri son which we have already 1 
made of the nerve-molecules with a series of magnetic J 
needles. When the position of some of the needles in 1 
the centre of such a series is changed, owing to some 
external influence, those needles which lie more on the I 
outside of the series must he turned to an extent de- I 
creasing with their distance from the centre. Or we j 
may also refer to the conception which physicists hars | 
formed of the so-called electrolysis, the analyws of a 
iluid by an electric current. All these analogies can 
only explain the process in so far that we recognise how | 
an electric current is capable of causing a change in the | 
relative position of the mnscle- and nerve-molecnles. 
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■ at first only between the electrodes, but afterward 
Jjieyond these, which change then corresponds with a 
[change in the distribution of tension on the surface. 
7. We have yet to consider how far the hj-pothesis 
I'iinder discussion explains the electric phenomena in 
I electric fishes and in the glands. The electric shock 
I of the torpedo must evidently he regarded as analo- 
[ gouH to negative variation in muscle- and nerve- 
1 cnrrents. The apparently great difference that iu the 
i latter a current present during a state of quiescence 
es weaker during activity, while in electric fishes 
I an organ which is entirely inoperative during the state 
I of quiescence generates a current when it becomes 
I active, appears, when closely examined from the point 
[ of view afforded by our hypothesis, to be of no account. 
I For, from the fact that no current in an organ can he 
w externally shown, it by no means follows that no elec- 
t tromotive forces are present within the organ. A piece 
of soft iron is in itself entirely non-magnetie ; but as 
this may at any time ho transformed into a magnet by 
bringing a magnet into its neighbourhood, or by the 
influeace of an electric current, we suppose that mole- 
cular magnets are present even in the soft iron, though 
these are not regularly arranged as in a regular magnet, 
such as that represented in fig, Gl, p. 230. The action 
! of the magnet which is brought near, or of the electric 
Iciirrent, therefore consists solely in the iact that it ar- 
■ ranges the irregularly placed molecular magnets within 
! soft iron, and thus allows their action to appear 
sitemally. If no magnetic action were known in soft 
iron, no one would ever have had an idea that magnetic 
Kforces were present within it. But comparison with the 
kpermanent magnet, and the possibility that thoroughly 
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non-magnetic iron may at any time be transformed into 
a magnet, makes the involved conception quite natural. 
It is exactly the same in the case of the electric organs 
of the torpedo. The fact that they, though in them- 
selves electrically inoperative, become electrically oper- 
ative under the influence of the nervca, when combined 
with what we know of nerves and muscle, naturally 
leads us to suppose that electromotive forces are pre- 
sent in the electric plates, but tliat they are so ar- j 
ranged as to cause no observable differences of tcnsron ^ 
on the outer surface. Under the influence of the ac- 
tive nerves, the particles endowed wiLh electric forces 
undergo a change in their relative position, differences 
of tension between the two surfaces of the electric plates 
intervene, and, as all the electric plat*s in an organ act 
in the same way, the result is a powerful electric shock, 
which, in spite of its powerfid effect, differs from the j 
negative variation of the muscle- and nerve-currents only I 
as does the powerful current of a many-celled galvaoio J 
battery from the weak current of a small apparatus. 

In order to make the similarity between the electric 
firgan on the one hand, and muscles and ner\'6s on the 
other, yet more prominent, we will carry the compari- 
son with magnetic phenomena yet further. In fig. 66,4 



A B is tL piece of soft iron, N S ti magnet which wa bring 
from some distance toward the iron rod A B. The resalt 
ia to evoke magnetism iaAB,A becoming a north pole, 
and B a south pole. Now, let us suppose that the x 
magnetic iron rod A B is replaced by an entirely similar. 



t but magnetic riA A', S, (fig. 66). At the moment at 

1 the magnet NS is brought near, the magnetism 

>of if, 8, becomes weaker, ceases entirely, or is ( 




I reversed. The some process of magnetic induction is 
I concerned in both cases. The only difference is that in 
I one case the induction seizes on an iron rod the mole- 
I cular magneta of which are irregularly arranged, and 
I which therefore appears non-magnetic ; while in the 
I second case the iron rod is in itself magnetic. So that 
! case magnetism is evoked by induction, in the 
I other, magnetism which was already present is weak- 
r ened ; but the induction is the same iu both cases. lu 
just the same way electric tensions are induced in the 
electric plate by the influence of the nerves, while the 
tensions present in the muscle are weakened; but the 
process in the electric plate and in the i 

We have now only to say a few words about the 
glands. The phenomena in these are, so far as ne can 
infer from the few known facta, so entirely like those in 
muscles, that it is only necessary to transfer the expla- 
nation which we have given iu the case of the muscles 
to the glands. In each gland-element electric forces 
are present which make the base of the gland positive, 
the month-opening negative. Wht-n the gland becomes 
active, these differences iu tension become leas. There 
is no occasion to speculate as to how far this affects the 
process of secretion, as it could not further explain the 



rUYSlOLOGV OF MUSCLES AND NEltVES, 



CHAPTER XV. 

1. ConnGction of notve and miiBclDi 3. Isolated ( 

individual muaule-fibrcs ; 3. Discliarge-hypolheais ; 4. Principle 
of llie dispereioii o£ forces ; 5, Independent irrilabilil y of muscle- 
Hubslanoo ; G. Curare; T. Cliemiual Irriianla; S. TiiPory of the I 
activity of the ntrvea. 

1. In-the foregoing chapters we have exiiminefl tlie 
fhiiractera of muscles anil nerves separately. The I 
muscle is distinguished by its power of shortening and I 
thereby accomplishing work. The nerve has not thial 
power : it is only ahle to incite the muscle to activity. I 
We must now inquire how this incitement, this trans- I 
ferenee of activity from the nerves to the muscles, J 
occurs. 

To undersland the action of a machine, of any piece 1 
of mechanism, it is necessary to learn its structure and J 
the relative positions of its separate parts. In our case, 
microscopic observation can alone afford the csplana- 1 
tioii. If we trace the course of the nerve withia the 1 
muscle, we find that the separate fibres, which enter I 
the muscle in a connected bundle, separate, run Bmosg;! 
the muscle-fibres, and spread throughout the moscle^ T 
It then appears that the single nerve-fibres divide, and'l 
this explains the fact that each muscle-fibre is eventu-^'j 
ally provided with a nerve-fibre — long nerve-fibres even! 
with two— although the number of nerve-fibrea whicfa 1 
enter the muscle is generally much less than thtfl 
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f imrober of the muscle-fibres vLieh compose the mu^le. 
Till the Dene approaches the musfle-fibre, it retains its 
three characteristic marks— i he neurilerama, medDllarr 
sheath, and axis-cylinder. When oeartbe muscle-fibre, 
the nerve surlJenly becomes thinner, losies the medul- 

[ lary sheath, then ^ain thicken^ the neurilemma co- 




' Via. er. TcRMi 



I ' alesces vrith the sarcolemma of the muscle-fibre, and 
I the asis-cylinder passes directly into a stnictnre which 
jjjes within the sarcolemma pouch, in immediate con- 
rtact with the actual muscle-suhstance, and is called tho 
fterminal nerve-^late. Fig. 67 represents this passing 
i'of the nerve into the muscle as it occurs in mammals. 
win other animals the form of the terminal plite is some- 
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wliat different s but the relation between the nerve andJ 
the muacle is the same. The essential fact is the samsv 
in all cases : the nerve passes into direct contacfm 
with the mitscle-BiLbstance. All observers are i 
agreed on this point. Uncertainty prevails only as to 
the further nature of the terminal plate. In the frog, 
for instance, there is no real terminal plate, but the 
nerve separates within the sarcolemma into a net-like ' 
series of branches, which can be traced for a short dis-l 
tance from the point of entrance in both directions..! 
Professor Gerlach has recently declared that this net, I 
as well as the terminal nerve-plate, are not really ihel 
ends of the nerves, but that the nerve penetrates 1 
throughout the mnscle-substance, and that throughout 
the whole muscle-fibre there is an intimate union of] 
nerve and muscle. 

2. However this may be, the fact that the nerv-C' 
substance and the muacle-substance are in immediate^ 
contact must sen^e as the starting-point from which to I 
attempt an explanation. When it was thought that I 
the nerve remained on the outer surface of the muscle- 1 
iibre, there was difficulty in explaining how a pnlsationl 
of individual muscle-fibres within a muscle could bed 
elicited by irritation of individual fibres of a nerve*l 
For the nerve-fibres, in their course within the mnscle^fl 
touch externally many muacle-fibres, over which theyl 
pass before they finally end at another muscle-fibre. F 
In the case of flat, thin muscles, it may be shown con-J 
clusively that such a nerve-fibre may be irritated in 
such a way that those muscle-fibres over which iiJ 
passes remain quiescent, and only those pulsate atJ 
which the nerve-fibre ends. As soon, however, as it isM 
understood that the excitement present in the nerv&- J 
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I fibre cannot penetrate through the sbeatha, it ia clear 
t that the excitement can only act on the muscle- 
[ substance where t.he nerve-substance and the muscle- 
L substance are realljin immediate contact — ^that is, only 
I within the sarcolemma pouch. The nerve-sheath is, as 
we already know, a real isolator as regards the process 
I of excitement within the fibre ; for an excitement within 
a nerve-iibre remains isolated in this, and is not trans- 
ferred to any neighbouring fibre. It is quite irapos- 
sible, therefore, that it can transfer itself to the musclc- 
Buhstance, since it is separated from the latter not only 
by the nerve-sheath, but also by the aarcolemraa. 

But if the nerve-fibre penetrates the sarcolemma, as 
L appears from the microscopic observations above de- 
I Bcribed, and if nerve-substance and muscle- sub stance 
I are in immediate contact, then the transference of the 
P excitement present in the nerve to the muscle substance 
I inteiiigibte. The argumeat holds good whether we 
I assume that the nerve, directly after its entrance within 
I the sarcolemma, ends in a nerve-plate or a short nerve- 
net, or whether, as Gerlach says, it spreads further. All 
1 that is needed to make the process of transference in- 
telligible ia that the two substances should be in imme- 
■ diate contact, and so much is granted, whichever view 
, is preferred. But the prtJcesa, if intelligible, is yet not 
' explained. An attempt at explanation must be based 
kon, and have regard to, all the established facts. 

3. It is natural to think of the electric characters 
ft of nerves and muscles, and to seek the explanation in 
J these. In nerves electric tensions prevail which diu*- 
i ing the activity of the nerve undergo a sudden decrease, 
f a so-called negative variation. Such sudden variations 
of electric currents are, we know, able to excite the 
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muscle. We may, tberefore, conceive the process some- 
what aa follows. The excitement in the nerve, however 
caused, propagates itself along the nerve-fibre until it 
reaches the end of the latter. Connected with it is an 
electric process, hy which a sudden electric variation 
is caused in the terminal apparatus of the nerve- 
fibre, and this esoites the nerve-auhstance, jiiat as a 
shock acting externally immediately on the nmacl&' 
would excite it. i 

Following dii Bois lieymond, the above conception,; 
may be called the discharge-hypothesis {Entladu/nga^' 
hjjpotheae). According to it, the muscle end of a nerve-' 
fibre must be regarded as similar to an electric platft! 
in the peculiar organs of electric fish. Indeed, in the' 
latter, an electric discharge is effected by the influence 
of nerve-excitement, which is able to cause other excit- 
able structures, such as muscles and glands, to contract. 
We do not attach any weight to the accidental external 
resemblance of the terminal nerve-plate to the electric 
plate. In frogs and many other animals there 
terminal plates, and yet the conditions are the s 
their case also. And even if the view upheld by Gerlach 
is confirmed, and it is shown that nerve-substance comes 
into more intimate contact with muscle-substance than 
merely at the point at which it enters the muscle- 
pouch, our explanation will be unaffected. All that wa 
claim is that an electric discharge, by which the muscle- 
substance is irritated, takes place in the terminal expaa- 
aions of the nerves, of whatever form these expansions! 
may be. 

Against the acceptance of this view a difficulty afe; 
first seems to present itself in the fact that such an' 
electric shock, taking place in the end of a nerve, would 
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exdte not only the n:a»:le-fibre in vhioh the nerve 
ends, bat the adjacent fibres also. Fur iu the muscle 
and its envelopes no electric isolators are pn-sent, and 
an electric shock, ooeurring at any point, can and niwst 
spre^ throQghoat the whole muscle mass. Bu(< fmn) 
the law of the distribution of currents in irregular con- 
ductors, the essential outliues of which are given in the 
twelfth chapt<'r, it appears that the strength of the cur- 
rent in the immediate neighbourhood of the sjwit at 
which the discharge actually fakes place may bo cou- 
Biderable, though it decreases so rapidly with iiurrtising 
distance, that it is easy to believe that it may be quito 
nnnoticeable, even in a muscle-fibre which stands side 
by side with the fibre directly irritated. It is this 
very circumstance which lends especial weight to the 
feet that the nerve penetrates within the niuscle-fibro, 
and there comes into immediate contact with the mnsclc- 
'«ubstanee. Ouly in this way is it intelligihU' tbat n 
-discharge occurring in the nerve can irritate the iiiim'K', 
"When the excitement has once arisen at any jioint 
within the mtiscle-aubstaoce, it can, as wo luivtt wi'cn, 
spread within the muscle-fibre. It is poasiblo that this 
may result without any co-oporation of the nervu-milH 
Btance ; so that the spreading of the nerve within iJio 
muscle-Bubstance, as claimed by Gerlach.is not requirwl 
to explain the processes within the muscle.' 

4. We therefore assume that the exoiteinent unit- 
ing in the nerve itself becomes an irritant, whicli 
<dien irritates the muscle. The forces which nnt gi.^nir* 
hted, In consequence of this, in tlio niuw^lu are, ns we 
iow, able to accomplish considerable labour, wliicli 
no relation to tho insignificant foreen which tut 
< Sec Nates and Aitditiunii, Ko. I H. 
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on the nerve and which are active in the nerve itsdf " 
while the latter transmits the excitement. Tu U3e a 
common but appropriate simile, the nerve is bat the 
spark which causes the explosion in the powder-mine ; 
or, to carry the simile further, the sulphur train which, 
being lired at one end, carries the fire to the mine, and 
there causes the explosion. The forces which are set 
free within the muscle are chemicaJ, due to the oxida^ 
tion of its sutstancea ; the irritant originating from the 
nerve is only the incitement in consequence of which 
the chemical forces inherent in the muscle come into 
play. Physicists call such processes the fre^ng of 
forces. The nerve-irritant, therefore, frees the muscle- 
forces, and these translate themselves into warmth and 
mechaoical work. In every such freeing, the freeing 
force is generally very small when compared with the 
forces set free, and which may he dormant for incalcu- 
lable periods ; though when they are once set free, they 
are capable of enormous effects. A huge block of stone 
may for years hang in unstable equipoise on the edge 
of a precipice till some insignificant disturbance makes 
it fall, carrying destruction to all in the way of its de- 
scent. It is even supposed that the slight disturbance 
caused in the air by the soimd of a mule-bell is suf- 
ficient to start the ball of snow which at last thimders 
down into the valley in the form of a mighty, all- 
dcatrojing avalanche. This freeing by small forces is 
only possible in the case of unstable equipoise. But 
there ia also a chemicfd unstable equiiwise. Carbon 
and oxygen may lie for thousands of years side by aide 
without combining. Closely mingled, as in gunpowder, 
or still more closely, as in nitro-glyccrine, they axe in 
unstable equipoise ; the slightest blow suffices to cause 



JSJSITSJiESCZ IBBXTABILrrr OF Ml'SCLES. 2.'>l 

their coiDiBDaiiaEL. vidcL by their expansion is able io 
aceooap^i^ such sigamic irork.* In miiselo, too, (Mrlx>n 
and •jiTff€X lie si'ie bv side in chrmii*al uiiMahlc <Mini- 
poise ; axKl ii is the irritation of the nervfs wln'rli rfVtr( s 
the soiuti'Dai irhich destroys the equilibrium. An ananiM' 
ment soch as that just described is called sntsihtr, 
because eren an insignificant disturbance is snflii-irnl In 
disturb the unstable equipoise and to (lcv<'lo|) Wwrw '11 if 
muscle is therefore a sensitive machine. Hut \ \\r nn \ e 
is in a vet higher degree sensitive, for the smjilleHl (Mm ■ 
turbanee of its equipoise gives play to tlie foicrM williin 
it. But these forces are in themselves inr.ip.iMe n( mmv 
great effects. They would hardly be iuilie.ible, wne 
not this sensitive machine, which we eall ihe nerve, 
connected with the machine, also s<'nsili\e, wliieh we 
call muscle, in such a way that tin* aelivily of ihe nne 
sets free the forces within the other. 

5. A sensitive machine is uol (Mumlly sensilive lo 
aU possible disturbances. Dynainil*^ '^ inny lie |»|jir<(| 
on an an\il and hammered withouf, exjilndin/', ; nt, if 
lighted with a cigar, it burns (juielly nuf Ml <■ m lire- 
work. But when it comes in eonlMel, willi IIm- m|imiI< <»! 
a percussion cap, it explod(*.H, and deve|(»|)M jh; ^(iijMtilie 
forces. A nerve is sensitive) to eleelric hIkhK^, sind In 
certain mechanical, choniieal, and (heiinie inlliiences. 
It is not sensitive to many other iidlneineM. 'I'Im' in- 
fluences to which the nc^i've is Heiisitivc^ w<^ have called 
irritants. A muscle is Honsitive, to (electric- shocks, to 
certain mechanical, chenueal, and thcTude inlbionees; 

' On these processes sec Balfour Hlew;>rl, * On tl>e Conservation 
of Energy' (International SciciiUlio Series, vol. vi.) ; and Cooke 
on * The New Chemistry ' (same sericR, vol. ix.). , 

2 Dynamite is a mixture of nitro-glycerine wiih 'kicHcl^mhr, an 

earth consisting of the shells of infusoiia. 
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and, above ail, to the influence of the active nerve. 
The latter may perhaps, as we have explained in the 
foregoing paragraphs, be referred back to electric irri- 
tation. It is thus apparent that muscle and nerve 
behave essentially in the same vay towards irritante.- I 
But, remembering that nerves nm for part of their 
com-se within the muscle, between its fibres, and even 
penetrate within the very mnacle-fibres, the thought 
now suggests itself, that perhaps the muscle is in no 
way electrically, chemically, thermically, or mechani- 
cally irritable ; perhaps, when these irritants are allowed 
to act on the muscle, it is only the intra-muscular nervea 
which are irritated, and which then in turn act on the i 
muscle-fibrea. In other words, we have to determine | 
whether the nuiscle is only irritable mediately through 
the nerves, or whether it is also immediately irritable, i 
independently of the nerves, by any irritants. 

The question is not a new one. Albert von Haller, ' 
poet and physiologist (1708-77), asked it, and even he I 
was not the first to do so. Haller declared himself in | 
favour of the second of the two above-mentioned poasi- 
biUties. He called this capacity of the muscles to re- I 
ceive independent irritation (Irritabilitat), and the name ] 
has been retained, Haller met with nineh opposition | 
from his contemporaries ; and a dispute arose which has 1 
lasted to the present time. In Haller's days, of course, i 
only the larger nerve-branchings were known. The \ 
furt.her the nerves can he traced by means of the mi 
scope, the harder does it evidently become to determine.! 
the question imder discussion. 

6. In the year 1856, the French physiologist CUade J 
Bernard made experiments with a poison brought frma-.] 
Guiana, which the Indians of that region use to poison I 
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their arrows. It is called curare, mirari, or wurali, and 
is a brown, condensed plant juice, whitili is brought over 
in hollowed, gourd-like fruits called calabashes. He 
found that animals poisoned with this curare are dis- 
abled, and that in animals thus disabled, irritation of 
the nerve-trunks, even with the strongest electric or 
other irritants, is entirely ineffective, though the 
muscles are jet easily irritable, lliis was indeed no 
new phenomenon, Harless, at MOnich, had already, 
observed something similar in strongly etherised aui- 
l mals. But soon afterwards, Koelliker, at Wiirzburg, 
ind, simultaneously, Bernard himself, in extending 
the experiments of the latter, found something new. 
If ligatures are applied to the hough of a frog, and 
I the animal is then poisoned with curare, the lower leg 
is not disabled. By irritation of the sciatic nerve the 
muscles of the lower leg may be induced to contract 
where the poison could not jwaetrate, the appropriate 
vessels being tightly constricted. Curare, therefore, 
does not disable the muscles, for these always and 
everywhere remain irritable; nor does it disable the 
nerve-trunks, for these remain irritable if the poison 
cannot reach the muscles. There is but one other thing 
possible: the poison disables something which is be- 
tween the nerve-trunk and the muscle-fibre, so that the 
nerve-trunk can no longer act on the muscle. If that 
which is disabled is the end of the nerve, then the im- 
mediate irritability of the muscle-substance, withoiit 
the participation of the nerves, about which there has 
been so much strife, is proved. 

This striking phenomenon is not solit.ory. The 
' action of some other poisons, such as nicotine and 
I Conine, ia entirely like that of cunire. These also dis- 
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able, uot the nervo-trunts or the muacle-subatunce, 
some part intermediate between these two. The diffi- 
culty is to prove that this part is exactly the final termi- 
nation of the nerves. Assuming that these poisons 
disable some part which lies between the nerve-trtmk 
and the nniacle, but not the very end of the nerve, then, 
though all the phenomena explained above are quite 
intelligible, yet no anawer has been gained to the ques- 
tion of irritabibty, which we are discussing. 

Considering now the characters of the nerve, and of 
its passage into the nerve-fibre, it is easy to understand 
why the poison does not take effect on the nerve-trunks. 
The nerve-fibres receive but few blood-vessels, so that 
the poison in solution in the blood can only reach them 
slowly, and in very small quantity. Moreover, the 
fatty medullary-sheath probably forms a sort of protec- 
tive envelope round the axis-cylinder. But where the 
nerve enters the muscle-fibre it loses the medullary 
sheath : and just at this same point a very complex net 
of blood-vetsels is present. Probably, therefore, it is 
exactly the terminal nerve-plate (or the corresponding 
nerve-branchings in the naked amphibia) which is most 
exposed to the attack of the poison. So long, however, 
as it is impossible to prove that this is really the actual 
end of the nerve-fibre, a chance is left open to the op- 
ponents of the theory of irritability- 
Great Jiains have been taken tfl settle this point 
with certainty. If a muscle poisoned with curare is 
compared with a similar but unpoiaoned muscle, it ap- 
pears that the former is less excitable ; that is, tlmt 
stronger irritants are needed fo cause it to pulsate. 
The explanation of this may be that the musclH-sub- 
stance is excitable, but not so much so as the intra- 
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muscular nerves. The following reasons may also be 
given for the probability of the independent irritability 
of muscle-substance. A nerve is, as is known, strongly 
excit«d by short, sudden variations of a current, and an 
unpoisoncd muscle behaves in the same way; but a 
muscle poisoned with curare is less sensitive to current 
shocka of short duration than to such as take place 
more slowly. If we ascribe independent irritability 
to muscle-subatance, then greater filuggisiiness prevails 
in muscle-substance than in nerve-substance, so that 
the irritating influences require longer time to take 
effect in the former. In the ease of nerves it has, 
moreover, been shown that currents which pass at right 
angles to the longitudinal direction of the nerve-fibre 
are entirely ineffective. In muscles under the influence 
of curare no difference in this point can be shown. If 
the independent irritability of muscle-aubstance is de- 
nied in spite of this, it must be assumed that in these 
experiments the point lies in differences between the 
nerve-fibres and their real ends. But nerves and muscles 
are evidently very similar, and it might evidently be 
possible to assume considerable difference between 
nerve-fibres and nerve-ends, and that these nerve-ends 
differ from the muscle-substance in nothing but that 
the power of being irritated is ascribed to the former, 
while it is denied to the latter. It appears tien, that 
the whole dispute resolves itself into an empty word- 
strife aa to whether this thing which lies between the 
nerve-fibres and the muscle-substance is to be reckoned 
as part of the nerve or as part of the muscle. 

7. The much-discussed question of the ind&pendent 
irritability of muscle-substance is, as appears from what 
has now been said, due principally to the fact that the 
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same irritants wliicli act on the nerve are also able to I 
act on a mnscle, and even on a. muscle poisoned with I 
curare. Wc have, however, found slight differences, 
anil, if it were possible to show the existence of greater 
differences, especially if irritants were found which act 
on muscle-substance but not on nerve-substance, a new 
point of departure would be gained for this theory of 
independent irritability. Chemical irritants are beyond 
all others capable of variation. From the endless num- J 
ber of chemical bodies we may choose such as irritate j 
the nerve or muscle in general, and we may try each of I 
these in every degree of concentration. If differences I 
between nerve-substance and muscle-substance really I 
exist, it is probable that we shall find them by these T 
means. Starting from these premisses, Kiihne experi- | 
mented on the condition of nerves and muscles ; and f 
he was so far successful that be discovered some dif- ; 
fercnces. 

In studying the character of nerves and muscles l 
relatively to chemical irritants, it is best to make a I 
cross-section, and to apply the substance which is t* I 
be tested to this section. It is best to apply the t«Ht J 
to a thin parallel-fibred muscle, usually to the miisaulua I 
aartoriua of the upper leg. It is suspended upside I 
down from a vice, which holds fast its lower pointed I 
tendon ; and its upper end, which now hanga down- 
ward, is then cut. The liquid which is to be teste ' 
then brought In contact with the cross-section thuafl 
made, and care is taken to observe whether a pulsar- 1 
tion takes place or not. The short, used portion baviag M 
then been cut off, the experiment can be repeated, f 
and so on till the whole length of the muscle has been'i 
used. The nerve is treated similarly; the sciatic nerra I 
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MfiSf as in all experimenta by irritation, used fur tlic pur- 
V.pose, either in connection with the whole lower leg, or 
Bonly with the calf-muscle. If the effect of volatile 
■ bodies — vapours or gases— is to be tested, the muscle 
Blmust be shut off from the nerve in an adequate manner. 
I The muscle is extraordinarily sensitive to certain 
I Bubstances. One part of hydrochloric acid in from one 
thousand to two thousand parts of water affords strong 
pulsations. The smalleat trace of ammonia is enough 
to cause strong contraction. The observer must, there- 
fore abstain from smoking whilst experimenting, for 
the slight amoimt of ammonia in tobacco-smoke is suf- 
ficient to elicit continued pulsations. The nerve, on 
the contrary, is much less sensitive towards hydro- 
chloric acid, and is not at all sensitive towards am- 
monia. If the nerve is immersed in the strongest 
L solution of ammonia it very soon dies, but is not at 
I irritated. These are the most marked differences, 
^ut it must also be mentioned that glycerine and lactic 
iwid in concentration exercise an irritating effect on the 
, but not on the muscle ; and that when many 
iier substances (alkalies, salts) are appHed, small dif- 
siences are exhibited, in that sometimes the nerves, 
El^ometimea the muscles, contract in respon.se to a some- 
^hat thinner concentration. 

It thus appears that the differences arc extremely 
^ght. Kiihne, however, attaches weight to these, and 
Rnterprets them aa favourable to the theory of the in- 
dependent irritability of muscle-substance, lie sup- 
ports this conclusion by the iblJowing obserrationa. In 
tlie case of specific muscle-irritants (ammonia, greatly 

C hydrochloric acid) the result is the same whether 
leriment is tried on an ordinary muscle, or on 
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one poisoned with curare. Nor does it make any dif"-! 
ference whether a strong ascending current is passed ' 
through the nerve of a sarf oriiis thus conditioned, thus 
inducing strong aneleetrotonus in the intra-muscular 
nerve-branchings, so as to disable it. He sees in this 
a proof that the nerves which spread through the muscle 
do not share in this form of irritation. He has, more- 
over, discovered that the nerves are not equally dis- 
tributed throughout the sartoriue. They enter at a 
point somewliat below the middle of the muscle, and 
distribute themselves upward and downward between j 
the muscle-fibres ; but they cannot be traced to the ' 
ends of the muscle, and there are at these ends regions J 
of from 2 to 3 m, in length, in which at least the j 
larger muscle-fibres are wanting. (^\Tiethcr the nerve- 
net which, according to Geriach, lies within the sarco- 
lemma, extends to these regions, is another questio 
with whicli we have nothing here to do.) The specifi 
muscle-irritants affect these regions exactly as they d 
the rest of the muscle ; while the specific nerve-irritanta-1 
(concentrated lactic acid and glycerine) are never able 
to affect these ends, though they elicit single pulsa- 
tions in the parts containing nerves. These nerve- 
containing parts are also more electrically excitable than 
are the ends ; by curare and by aneleetrotonus their 
excitability is decreased, though that of the nervelet 
ends remains unaltered. 

Many objections have been brought forward againn 
these conclusions. I'or my part, in the very insigi 
cance of the differences between nerve and muscle h 
this point also, I am inclined to see new reason ) 
believe that these two organs, so similar in all poin 
(as yet we know only two important differences, wM 
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I are, that the muscle is contractile, which the nerve is 
I not, and that electrotonas, which intervencB in nerve, 
I cannot be shown in muscle), may also be entirely simi- 
r lar in the matter of irritability, and that those who dis- 
pute this quality are forced to assume the existence of 
I Buhstance intermediate between that of the nerve 
and of the muscle, and which differs almost more from 
the nerve than from the muscle. 

. Summing up, it appears that the independent 
I irritjibility of muscle-substance has not been proved ; 
I Hor has it been disproved. To understand how the 
r nerve acts on the muscle one must assume that the 
' latter is frritated by the former, and therefore there is 
no sufficient reason, remembering the similarity in all 
other points between nerve and muscle, to dispute that 
it may also be irritated by other irritants (electric, 
t fihemieal, mechanical, or thermic). In the theory above 
»e^lained as to the nature of the influence on the 
rmuBcle, we have assumed that this irritation takes 
I place electrically. We have therefore tacitly presup- 
3 that the muacle is electrically excitable. Except 
' on this assumption, all that can be said is that the 
molecular process originating in the nerve is trans- 
ferred to the muscle: which explains nothing, but rather 
renounces all explanation. Our hypothesis, on the other 

I hand, has the undeniable advantage that it is based 
on the well-known process of the negative variation of 
the nerve during its activity. That the negative varia- 
tion, when it has once originated in the nerve, propa- 
gates itself to the nerve-enda, can only be regarded as 
aatural, and, provided that it is of sufficient strength, 
it can then act as an irritant on the muscle. 
We Lave already seen that the nerve must be 
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regarded aa composed of many particles arrange-d one 
behind the other, each of which is retained in a defi- 
nite position hy its own forces and hy the influence 
of the neighbuuring particles. Whatever acta as an 
irritant on the nerves must dispkite these particles 
from this position, and must cause a disturbance, which 
then propagates itself, owing to the fact that a change 
in the position of one particle causes a disturbEince in 
the eqiiilibrium of the adjacent particles, in consequence 
of which the latter are set in motion. Negative varia- 
tion must be regarded as a result of this movement of 
the nerve-particles, in that the electrically acting parts 
are arranged in different order by the movement, and 
therefore must exercise a different external influence. 
But just as this change in the position of the nerve- 
particles is able to set the needle of a multiplier, if it 
is properly connected with the nerve, in motion, so the 
electric process originating iu the nerve must act on 
the muscle, if the latter is sensitive to electric varia- 
tions. This was the assumption from which we started, 
and which, after the above esplanationa, will be regarded 
as thoroughly trustworthy. To enter further into the 
details of the activity of nerves and muscles, and to 
substitute more definite conceptions for such as axe at 
present often indefinite, is impossible in the present 
state of knowledge. 
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CHAPTEE XVI. 

pi. TariDna kinds of nervea; 2. Absence of indicable differences 
in the fibreB ; 3, Characters of nerve-oells ; 4. Varions kinds of 
nerre-oella ; S. Yolnntary and aiitomatia molion ; 6. Beflux 
motion and ca-rclative Bengal ion ; 7. Sensation and oonsoioDB- 
Dess ; 8. Retardation ; 0. tJpeciRc energies of nerve-cells ; 10. 
Conclusion. 

1. At preseut we bave paid attention only to such 
I nerve-cells as are in connection with muscles, and by 
I the activity of which the appropriate muscles are reu- 
[ dered active. We have referred only incidentally to 
other kinds of nerves. The difficulty due to the cir- 
cumstance that a suitable reagent ia necessary for the 
study of such nerve-activity as does not express itself 
I in any visible change in the nerve, compelled ua tocon- 
I fine our studies in the first place to muscle-nerves or 
\ motor nerves, in which the muscle itself acts as the 
l! required reagent. We now have to discover how far 
[• the experiences which we have gained of motor-nerve?, 
? and the views which we have based on these experiences, 
I are applicable to other nerves. 

Besides the real motor nerves, we may distinguish 
I those which act on the smooth muscle-fitn-es of the 
I "blood-vessels, tlirough these e£fccting a decrease in the 
1 diameter of the smaller vessels, and thus regulating the 
r circulation of the blood. These are called vaso-motor 
nefves. They arc, however, in no way different from 
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otlier motor nerves. But a difference la observable | 
even in the case of the secretory nerves or gland-nervos, ' 
of which we have already had occasion to makeiuention* t 
When these nerves are irritated the appropriate nerves I 
begin to secrete. The connection of these nerves with I 
the glands must from a physiological point of view be I 
entirely similar to that of the motor nerves with the ] 
muscles, li^'hen the latter are irritated the mnsclea \ 
connected with them at once pass into a state of activity. | 
Just in the same way the gland-nerves, when they are 
irritated, cause the glands connected with them to pass 
into a state of activity. That this activity ia quite 
different from that of the muscles, is obviously due to 
the entirely different structure of the glands and the 
must'les. A gland, unlike a muscle, cannot contract! ] 
when it becomes active, it secretes a liquid, this be 
its activity. There is therefore no reason to assume I 
any difference in any of these nerves, the difference in I 
the terminal apparatus, in which the nerves end, being | 
sufficient fully to ejtplain the difference in the pheno^ I 

But there are other nerves the action of which is I 
much harder to understand. Among these are the 1 
sensory nerves. When these are irritated, they effect f 
sensations of different kinds, some being of light, others 
of sound, and so on. Moreover these nerves are capable J 
of receiving irritation in a peculiar way, some by waves J 
nf light, others by sound vibrations, and others again I 
hy heat-rays j but in all cases, only when these inSn- 
cuces act on the ends of the respective nerves. It is j 
not self-evident that these nerves are homogeneous \ 
in themselves or with the previously mentioned kinds. [ 
Finally, it ia yet harder to understand the action of J 
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nnotlier, aiid the last class of nerves, which arc called 
retardatory nerves (Ilemmungs-nerven). It ia com- 
mon knowledge that the heart heats eeaselessly during 
life. Now, if a. certain nerve which enters the heart 
is irritated the heart ceases to beat, recommencing 
when the irritation of the nerve is discontinued. This 
remarkable fact was discovered by Edward Weber, who 
spoke of the phenomenon as retardation. It is carious 
that a nerve can by its activity still a muscle which 

2. Before we endeavour to determine this and the 
other points raised, we must note whether any differ- 
ences can be shown in these various nerves, which act 
in such entirely different ways. In the previous chap- 
ters we have observed so many peculiarities in nerves, 
and among these, qualities which can be examined 
without the Intervention of the muscle, Ihat it seems 
not altogether unjustifiable to hope that we may be 
able to observe differences also in nerves if any such 
occur. But if this is impossible, if all nerve-fibres, 
though examined in every possible way, seem to be 
quite homogeneous, then we shall be justified in con- 
sidering them really homogeneous, and must look for 
an explanation of the variety in their actions in other 
circumstances. 

It may at once be said that it is quite impossible 
to show differences in the different kinds of nerves. 
Microscopic observation shows no differences; for the 
difference, to which allusion has already been made, 
between medullary and medulla-less fibres does not 
affect the point in question. Ve are obliged to infer 
that the medullary sheath is of entirely subordinate 
'Wgnificance in the activity of the nerve. At any rate. 
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the presence or absence of this medullary sheath, doeg I 
not correspond with differences in the physiological I 
actions of nerves. Nor are the small differences in I 
diameter of the separate ner^-e-fibres of greater import- I 
ance. Nor do experimeotal tests bring any differences 
to light. The bearing of nerves to irritants does not j 
vary: the electromotive effects are the same in all. 
all these points we need simply refer to the previoua I 
chapter, for the explanations there given are equally I 
true of all kinds of nerve-fihres. 

If, therefore, all kinds of nerve-fibres are alike, we I 
can only explain the difference in their action as due | 
to their connection with terminal organs of vari 
form. We have already made use of this principle I 
in explanation of the difference between motor and I 
secretory nerves, and we must now endeavour to ex- I 
tend it to all other nerves. 

3, While the motor and secretory nerves have their] 
terminal organs in the periphery of the body, the se 
tive or sensory nerves act on apparatus which are situ- 1 
ated in the central organs of the nervous svstem. 
irritant which affects a motor nerve, to become appor- 1 
rent, must propagate itself toward the periphery, till it I 
reaches the muscle situated there ; an irritant, on the I 
other hand, which affects a sensory nerve, must be pri>- 1 
pagated toward the centre before it sets free any action. ] 
Nerves of the former kind are therefore called centrifw- 
gal, those of the latter centripetal. We have, however, 
already found that this does not depend on a difference | 
in the nerve itself, but that each nerve-fibre, when it ifl 1 
affected at any point in its course, transmits the ex- J 
citement in both directions ; and we therefore presiuneda 
that the fact that action takes place only at one cndfl 
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muBt be dnc to the natore of the- attavkineiit of the 
fibres to tbc tcnninal apparatos. {C/. cbup. xiii. { 3, 
p. 217.) 

AfWr we had carefullj eiamiiied the pt-ripberic ter- 
zmoal appustus of the motor nerves, that is to saj, the 
muscle.3, we were in a position to study tbe proeesses 
in motor fibre. In cvder now to understand tbe action 
of sensory fibres, it will be therefore necessary first 
I to obtain further knowledge of the central nervous 
I organs. 

The central oi^ang of the nervous system, in ad- 
■ rlition to nerve-fibres, include, as we have seen (chap, 
vii. § 1, p. 105 et eeg.), also' cellular structures, eallwl 
I ganglUrn^^elis, nerve-cdh, or ganglion-balh. They 
I are not always globular, but are generally irregular in 
form. Beside the forma represented in fig. 27 (p. 106), 
\ which occur scattered here and there in the course of 
I the peripheric nerves, forms such an those represented in 
[ fig. 68 occur much more abundantly in the central or- 
I gans. They generally have many processes (four, sis and 
I even up to twenty), which branch and unite t^^ther 
' like network. Many cells exhibit one process, differ- 
ing &om the others, which passes into a nerve-fibre 
(nerve-prowas ; cf, fig. 68, la and 3c). These nerve- 
processes pass out from the central organ and form 
the peripheric nerves. Within the central organ the 
processes of the ganglion- cells form a very involviil 
, network of fibres ; between these there are, howevfir, 
other fibres which completely resemble the poripherio 
nerve-fibres. There is no reason for ascribing to these 
fibres of the central organ qualities other than those of 
the peripheric fibres. When in the central orgim phe- 
nomena are observed which never occur in the peri- 
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pheric nCTve-tibres, it is natural to refer these to th© | 
presence of the ganglion-cell a. 

As a matter of fact, all organs which contain iierv&-l 
cells, the central organs as well as the peripheric ■ 
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organs, in whit-h they are present, though not so aboB'*'! 
dantly, exhibit certain peculiarities, which we must rfr-"! 
gard as caused by the nerve-cells. And as we are in n 
case able to examine the nerve-cell by itself, but must 
always examine it in connection with, and mingled with 
the nerve-fibres, we can but carefully determine the dif- 



fereiK^fr in liif- iniurrioir' a: "iii*«t arrrnm iraiL liiHi of 
oidiiaffT3i£rvi»-£hrES^ mir -m^L reiiHTL aL ncr imii#HrairL— 
ing to iL* affliT^—iiiref i» 7#*?nmar Tt "lih: iiervf— i?filif^ 
We tii:«v liiHi xih: ii«r^T^i?fjlJf art irnuiriifv. "liffr 

trandHEr it Kt Tit- •LacmiuiL rexai- ^i^^ f?xci:*3iiein cex 
neTer -ciocinr cif Xi.**ilf it t iHr^^nfiir*:- 'inn ± LJVL-rf re- 
sult& frc*m an irrnam atiiiJir -ert-emiLJj- and ctx ij^t^t 
pass frcm aii€r iKirr*-£:r»: f. mi'irii^^T-'Mir LJ^iyf reniLzzif 

and fpii£ai-2it23TC'v. c»r frctLL :t!Ii*' 'X li^ iiC'Ci:ii.TLli.Ta?(ii? c*f 

this acts tiircmsi iSL^ iierv^ ':»l iL-e ni'iiiidr, si'irrrtirief at 
regular iut-errailf ini^p^^de-t^T cd "LLr vUl. 5»:ciirT:iiLt^ 
from time totiise at tL-e ii:5r:iirL*i :^ ?f tLr TilL Airstin, 
where nerTe-«e»eZl5 cpccit. ve 5ii.d tLit ri-i-itricreiiT^ 'which 
are transmitted to the oei;tral c*r2"aii bj a nrire-fibre 
may there be iiopanad t/j c^L^ D€-rve-£bre5. Thirdly, 
we find that eieit'eioent* 'which are tr?.Tifmitted to the 
central organ hv iierre-fibres there elicit a j>eouliar 
process, which ie called sensation and consciousness. 
Fourthly and finally, the remarkable phenomenon* 
mentioned above, of retardation, onlv occurs where 
nerve-cells are present. The four following qualitie:N» 
which are entirelv absent in ner\e-fibres, must theri^ 
fore be attributed to nerve-cells : — 

(1) Excitement may arise in them indtpnuieutliK 
i.e. without any visible external irritant. 

(2) They are able to transfer the e,rcltcmcnt Ji\^m 
one fibre to another. 
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(3) They ca/n receive an excitement tranBmitted to \ 
them aiul tra/nsTnute it into conscious sensation. 

(4) They are able to cause the suppression (relar^i 
dation) of an existing excitement. 

4. From the above it must not be supposed that all 
ganglion-cells poaseaa all these qualities. On the con- 
trary, it is to be supposed that caeh nerve-cell per- 
forms but one of these functions, and even that there 
are more minute differences in them, so that, for in- 
stance, the nerve-cells which accomplish sensation are I 
of various kinds, each of which accomplishes but one I 
distinct kind of sensation. This is no mere hypo^J 
thesis, for there are established facts which confirm I 
the view. Conscious sensations occur only in the braiUjT 
and the various parts of the brain may be separately* 
removed or disabled, in which case individual formsfl 
of sensation fail, while others remain undisturbed.! 
If the whole brain is removed, the nerve-cells of thej 
dorsal marrow suEBce fully to accomplish the pheno-J 
mena of the transference of excitement from one nervis-4 
fibre to another. A^n, there are certain regions oCI 
the brain which separately are able to give rise to inde- 
pendent excitement in themselves ; and certain a 
lations of nerve-cells which he outside the actual centralj 
nervous organs have the same power. The forms whidi] 
nerve-cells assume being very varied, it often hap] 
that the cells of certain regions, where only certain cape 
bilities can he shown, are alike in form, and differ in thui 
respect from the cells of other regions, where the cans 
bilities are different. As yet;, however, it has not b 
found possible to distinguish differences in form s 
cienfly characteristic, and relations between the form and! 
the function of nerve-cells sufficiently characteristic ti 
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make it possible defiiiit*]y to infer the function of a cell 
from its form. On the contrary, it is better, by experi- 
ments with animals and experiences with invalids, to 
determine step by step what functions belong to the 
cella of a given region. Considering the complex and 
I yet very imperfectly known structure of the central 
[ nervous organs, it is not surprising that this task has 
I by no means yet been fiiUy accomplished. As in the 
present work we are not treating of the physiology of 
I the separate parts of the nervous system, but are only 
f concerned with the general characters of the elements 
[■which constitute the nervous system, we must not 
[ enter into details ; but we must be satisfied to show 
I what the nerve-cells in general are able to accomplish 
[ and to give due prominence to the fact that each 
I Beparate nerve-cell is probably always able to accom- 
I pliah only one definite thing. We will now run 
^ through these capacities and show the facts which 
I serve as proof of these, 

5. The natural rise of excitement takes place 
I either voluntarily or involuntarily. We are always 
I able voluntarily to contract our muscles, though not 
L all of these, for many, especially the smooth forms, 
l«re not subject to the will, but contract only as the 
I result of other causes. Sometimes, moreover, the want 
f power to contract certain muscles is to be ascribed 
I'Only to want of use, as is shown by the feet that 
I some men are able voluntarily to contract the skin 
lof their scalps or their ear-muscles, though this is 
t impossible to most men, or is possible only in a 
frery restricted degree. Similarly, it is a matter of 
I use how far the will is able to effect a limited con- 
I traction of separate muscles or parts of a muscle. 



270 



PHYSIOLOGY OF ML'SCLES AND NERVES. 



Those beginniug (o plaj the piano find it difficult t^i 
move individual fingers apart from the others, thouj " 
by practice they soou learn to do this, Whenevi 
an intended contraction of a muscle ia accompani< 
by another unintended and simultaneous, the latte^,' 
ia called a co-relative movemeiit. Such co-relativa, 
movements sometimes accompany illness. Stammerers, 
for instance, when they speak, twitch the face muscles 
or even those of the arm. It has also been observed 
that in the case of injuries, after blood has been lost 
from the brain, movements of the injured limbs not 
voluntarily possible occur involuntarily as co-relativft] 
motions. Some co-relative movements are natural ini'' 
the organism ; for instance, when the eye is turned 
inward, the pupil simultaneously decreases in size, and 
a contraction of the adjusting muscle occurs, by which 
the eye is enabled to see at a short distance. This 
co-relative motion has been regarded as a case of thttj 
transmission of the excitement irom one nerve-fibre ttj' 
another; but it seems to me that this is incorrect. 
For there is nothing to show that the excitement 
originated in one fibre and was then transferred to 
other fibres, and it is more simple to assume that the 
various fibres were excited simultaneously by the will, 
either because isolated excitement of these fibres sepa- 
rately is really impossible on account of the anatomical 
structure of flie nerve, or because of an insufficient 
specialisation of the influence of the will, resulting 
from want of exercise— that is, it is due to unskijful- 
ness on the part of the will. 

If it is asked how the voluntary excitement of the 
nerve-fibres is caused in the nerve-cells, an answer 
is yet to be sought in physiology. Into the question 
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wliether there is actually a purely voluntary excite- 
ment, that ia, that no incitement acted externally 
on the brain but that the excitement originated quite 
Bpontaneonsly, we will not enter further here. All 
that is certain ia that in many cases an action appears 
to be- voluntary which, if the process ia more closely 
analysed, is found to result from external influences. 
But tlie physiological process by which (whether 
' influenced or not) excitement arises in 
the nerre-cella, which excitement is tlien transmitted 
through the nerve-fibre to the muscle, is as yet ex- 
tremely obscure ; and if it is said that it is a molecular 
motion of the constituent parfciclea of the nerve-cell, 
this explains nothing, but merely expresses the convic- 
tion that it ia not a supernatural phenomenon, but 
merely a physictd proceaa analogous to the process of 
excitem.ent in the peripheric nerves. 

Involuntary movements occur sometimes inegularly, 
as twitchinga, spaams; sometimes regularly, as in the 
case of respiratory movements, the movementa of the 
lieart, the coutractions of the vascular muscles, of tlie 
intestinal muscles, and so on. The latter, which occur 
.with more or less regularity while life lasts, and are 
'£)r the most part of deep significance aa regards the 
iliormal condition of the vital phenomena, have natu- 
raJty been especially suhjected to thorough research. 
They are called automatic m-ovemente^ that ia, they 
independently of the co-operation of the will, 
i.-Bnd apparently without any incentive. But notwiih- 
jitanding this, it is chiefly in such cases that the causes 
■which effect the excitement of the nerves concerned 
iiave been to a certain extent established. 

Automatic movements may be distinguished into 
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such as nre rhythmic, in which contraction and relaxa 
lion of the mnsclea concerned take place in regu] 
alteroat.ion, aa in respiration and in the movements o 
the heart; such aa are tonic, in which the contraction^ 
are more constantly enduring, even if the degree o 
contraction varies, aa in the contraction of the vasculai 
mnsclcs, and of the rainbow membrane of (he eye ; a 
such as are irregular, i,e. the peristaltic movements a 
the intestine. Our knowledge of automatic n 
is based principally on those connected with respi 
tion ; but the conceptions gained in this case may b 
directly applied to the other cases. It will 1 
cient therefore to speak of respiratory motion only. 

Respiration begins immediately after birth, 
its movements continue from that time throughout lifeJ 
In the higher animals (mammals and birds) they a 
unconditionally necessary for the preservation of -life 
for only by their means is sufficient oxygen conveyed 
to the blood to provide for all the vital processes, 
the other hand, when the organ from which the ( 
citement of the respiratory muscles proceeds 
any way inanfEciently nourished or is otherwise i 
jnred in condition, respiratory action ceases and life i 
threatened. This organ is a limited point in 
medulla oblongata, formed of a mass of nerve-cellB, i 
which the excitements originate, and from which thd 
are conveyed by the nerves to the respirat«ry muscled 
This is taJled the respiratory centre {Lebenslcnolei 
of the Germans, nceud vital of the French), because^ 
of its importance to life. It is the spot which the 
matador in bull-fights must reach by a skilful blow 
with his knife, to bring the enraged animal to t 
ground ; it is the spot which, if crushed between t 



I 



TOLfSTAIlT Ayo ACTOMATIC MOVEMENTS. 273 

and second vertebne, the result is instant death 
the so-called dislocation of the neck. It has been 
that the cause which induces this ceaseless 
itivity in the nerve-eeUa of the respiratory centre 
the character of the blood. When the blood 
quite saturated with oxygen, theu the activity of 
respiratory centre commences.' When the blood 
>mes freer from oxygen, the respiratory inotioiia 
ime stronger. 

from being necessarily active, independently and 
TTithout external incentive, the nerve-cells of the respi- 
ratory centre are also rendered active by external cir- 
cumstances. But they are much more sensitive than the 
nerve-fibres, so that they are influenced even by slight 
changes in the gaseous contents of the blood which 
plays over them. And the other automatic nerve-ceils 
behave exactly as do the cells of the respiratory centre. 
Yet small differences in sensitiveness occur among 
them, HO that some are excited even when only the 
average amount of oxygen is contained in the blood, 
others when a point lower than this average has been 
reached, as happens only occasionally during life. 

It would take too long to apply this theoTy, now 

' Experimental proof of this may always ba triod by anyone 
bimaelf. Attention mnst be given for a time to tbe reBpiratory 
movemeatB, tbeir depth and nnmber being noted. From eight 
to ten inspirations aod expirations are tbcn drawn alowl; one 
after the other. By thia means mi2cli more a[r ia iniroduoed into 
the langa tlian by ordinary respiration, and the blood can therefore 
llioroughly eatnrate itself with oxygen. If, after tbia, voluntary 
resptrotion is eeaaed, it will he fonnd tliat twenty scoonds or more 
elapse before a respiration again occurs, long enough that is far the 
of tbe introduced oiygen. Only after this do respira- 
begin, at drat weakly, but alwajB increasing in strength, until 
former regular respiration again prevails. 
13 
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briefly explained, to each of the other processes of; 
automatic motion. We must content ourselves with 
the remark that an analogous conception of the nature 
of the movements of the heart is probable, though no 
experimental proof of its correctness has yet been, 
achieved. The cause of movements of the intestine is 
not quite BO difficult to understand ; at iiny rate, thei 
main principles found in the case of the nerve-cells 
the respiratory centre are valid in the case of all othCTj 
automatic centres.' Mention must sfill be made of, 
the fact that in the heart and intestine the nerve-cella 
from which the automatic action proceeds are situated 
within the respective organs themselves. For this 
reason these organs can yet exhibit movements after 
the nerve-centrea have been destroyed, or the orgai 
have been cut from the body. 

6. The transference, by means of the nerve-cellsjj 
of an excitement from one nerve-fibre to another 
most clearly shown in that which is colled rs^eo-l 
tion. By this term is meant the passage of an excite- 
ment, which having acted on a sensory fibre has been. 
transnutted by it to the nerve-cells, to a centrifugal: 
fibre, by which it is conducted back from the centre 
(as a ray of light is reflected from a mirror) and 
makes its appearance at another point. The reflection 
can occur either in a motor fibre, in which case it ig 
called a reflex action, or in a secretory or retarda- 
tory fibre. Tlie former case is more common and 
better known. As examples of such reflex actions, I 
may mention the closing of the eyelids on the irritar 

I Thoae who wish to obtain faitter infurmation ua to these oir- 
cumsUnces may be referred to my work BiimfriHHgeti Sbat 41a 
Tlialigkeit der aiitirmatitchen Nerveit-BBittTa, Ac. Erlangen, 1875. 
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f tion of tlie sensory nerves of the eye, sneezing on 

L irritation of the miicoua membrane of the nose, cough- 

1 ing on the irritation of the mucous membrane of the 

I respiratory organ. Wherever sensory nerves are con- 

I nected by nerve-cells with motor nerves, these reflex 

I actions may occur. If an animal is decapitated and 

I its toe is pinched, the leg is druwn up and contractions 

occur in it. The reflex actions are here accomplished 

through the nerve-cells of the spinal marrow, and the 

removal of the brain favours the action, while it at the 

same time excludes the possibility of the intervention 

of voluntary movements. 

There is no doubt that in this process the nerve- 
I cells play a part, and that the process does not depend 
I solely on the direct transference of the excitement from 
a sensory nerve-fibre to an adjacent motor nerve-fibre. 
Apart from the fact that the transference never takes 
place except where nerve-ceils can he shown to be pre- 
sent, this is confirmed by the fact that the process of 
reflex transference occupies a very noticeable time, 
much longer than that required for transmission 
through the nerve-fibres. With the knowledge which 
we have now gained of the structure of the central 
nervous organs, it may be considered established, that 
nowhere is there immediate connection between sen- 

IBory and motor nerve-fibres, but a mediate connection 
through the nerve-cells. This allows the possibility of 
the propagation of an excitement from a sensory nerve- 
fibre, through a nerve-cell, to a motor nerve-fibre. It 
is thus intelligible how, owing to the interconnec- 
tion of the nerve-cells, the passage of the excitement 
from any sensory nerve-fibre to any or every motor 
nerve-fibre is possible, for the excitement advances 
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from nerve-cell to nerve-cell, from each of which J 
can repass into a motor fibre. From the length of 
the time occupied by the reflex irritant, it ia to be 
inferred that the tranamiasion of the excitement has 
to meet considerable resistance in the nerve-cells. 
This resistanee naturally increases with the number of 
nerve-cells to be traversed, so that the transference of 
a reflex action from a definite sensory fibre to different 
motor nerve-fibres is not always equally difScnlt, and 
is the more difficult the greater is the number of 
the cells which lie between the two. All this agrees 
with the facts found by experiment. It also esplai 
why, by certain influences, not only is the reflex tran^ 
ference rendered easier, but the passage of the excite 
ment to the most remote motor fibres is also rendered 
peculiarly possible. The best known case of thia i 
poisoning by strychnine. This so greatly facilitates t 
reflex transference that the slightest touch on any poin 
of the skin, or even the disturbance caused byabreat^ 
is sufficient to throw all the muscles of the body ioi 
violent reflex tetanus. 

As each excitement of a sensory fibre wluch r 
the nerve-centre can give rise to a conscious seasatioj 
the spread of the excitement within the centre TOui 
have the same effect as would be the case if % largt 
number of excitements of several sensory fibres reach« 
the centre simultaneously. Thia process, *hich, hoi 
ever, only occurs in the case of strong excitement 
is called co-relative sensation. Sensation is 
not only by the excitement of the nerve-cell directl 
concerned, but also by the spread of the excitem 
to the other nerve-cells. It may also be spoken of i 
the radiation of the sensory irritant, because the cxcia 
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ment seems to spread within certain limits from the 
point directly touched. 

7. These phenomena will become more evident 
when we have more accurately learned the origin of 
conscious sensations in general, and the conceptions 
which depend on this. In order that such conscious 
sensations should result it seems absolutely necessary 
that the . excitement should reach the main brain 
{cerehrum). Whether other parts of the brain, or even 
the spinal marrow, are able to give rise to conscious 
sensations is at least very doubtful, and is at any rate 
not proved.* But when the excitement reaches the 
brain, it gives rise not only to feelings, but also to 
very definite conceptions as to the nature of the excite- 
ment, its cause, and the locality at which it acts. It 
is true that sometimes this efiect fails and the irritant 
does not reach consciousness, as, for example, when the 
attention is strongly attracted in some other direction, 

* The dispute about the so-called * mind in the spinal marrow ' 
(^Ruckenma/rksseele^ithQ question, that is, whether more or less clear 
conscious conceptions can occur in the nerve-cells of the spinal cord, 
was long and hotly debated, but is now at rest. It appears to me 
that the whole form of the question is unscientific, for the question 
can simply not be solved with the means for research which we can 
command. Our own consciousness informs us as to our own sensa- 
tions and conceptions, and we learn those of others from their lips. 
Where this fails, opinion is always untrustworthy, as, for example, 
where we try to infer the feelings of men from their behaviour. 
It is, however, yet more hazardous to attach importance to the 
movements of a brainless animal, and it is therefore not surprising 
that two observers should draw quite different conclusions from the 
same facts, one explaining them as simple reflections, the other being 
of opinion that such behaviour under such circumstances is only ex- 
plicable as the result of conscious sensations and conceptions. The 
lower the animal is in the scale, the more untrustworthy, naturally, 
is the decision. 
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or as io sleep. Tlie irritant can then elicit a reflex, J 
action, thongli there is no consciousness of thia. That ■■ 
the origin of conacioua conceptions ia also an ucti\-ity I 
of the nerves is certain, and it ia the cells of the I 
grey matter of the brain which possess this activity. I 
On the other hand, we are entirely unable even to I 
indicate how this consciousnesa cornea into being, 
may be dae to molecular processes in the nerve-cells I 
which result from the received excitement ; but mole- I 
cular processes are but movements of the moleculee, i 
and though we can understand how such movemeuts I 
cause other movemeuts, we are entirely unaware how ■ 
these can be translated into consciousness.' 

The excitements transmitted by the various sensory 1 
fibres do not all act in the same way on the brain, and I 
the sensations to which they give rise differ. Accord- I 
ingly, we may distinguish the various sensations of | 
the various senses, and even within one and the s: 
sense various sub-species, as the colours in the sphere I 
of optical sensations, the various pitches in the spher 
of auditory sensations. But aa all the nerve-fibrea^ 
which accomplish the various sensations differ in no- 
way from each other, we are farced to look in the 
nerve-cells for the reason of the difference in sensations. 
Just a a we assumed that motor nerve-cells differ from 
sensory, so we must further assume that 
sensory nerve-cells, the excitement of which alwayt 
elicits the conception of light, others again the excite 
> £. du Bois-lteTmond bas entered further into Lhis questicBl !l 
his address to the sesemblf of naturalists at Leipzig i^Ueier i' 
Greiaea dei Xdtvrcrheniient, Leipzig, 1872). Some of tlie f 
natural pliilosoplierB seem inclined to avoid the difficulty hj BsorilM 
ing, M docs Schopenhauer, BeDsation and consciODBness to all m ~ 
cdIcs, but thifl does not seem to me to be any real gain. 
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ment of which always elicits the conception of sound, 
others again the excitement of which always results in 
the conception of taste, and so on. In entire accord- 
ance with this assumption is the fact that it does not 
mutter what external cause eifects the excitement of 
any one nerve-fibre, but that every excitement of a given 
nerve-fibre is always followed by a given sensation, 
Thus, the nerve of sight may be mechanically or elec- 
trically irritated, with the result of producing a sensa- 
tion of light ; mechanical or electric irritation of the 
auditory nerve effects a sound sensation; electric irri- 
tation of the nerve of taste effects just such a sensa- 
tion of taste as does the influence of a tasted substance. 
It even happens that the exciting cause is situated 
in the brain itself and directly excites the nerve-cells, 
and the sensations which are thus elicited are indis- 
tinguishable from those which are effected through 
the nerves. To this are due the subjectivn sensations, 
hallucinations and so on, which depend on an altera- 
tion in the character of the blood, or on an increase 
in the sensitiveness in the nerve-cells. 

Wherever the excitement occurs, whether in the 
nerve-cells themselves or anywhere in the course of the 
i leading to the cells, consciousness always refers 
the sensation to the presence of some external cause of 
excitement. If the nerve of sight is pressed, the 

latient believes that he sees a light external to his 
il)ody ; if a nerve of touch is irritated at any point in 
its course (e.g. the elbow-nerve at the furcation of the 

Ibow-bones), the patient feels something in the 
nerves distributed in the skin (in our example in the 
tJtwo last fingers, and in the outer edge of the palm of 

"lehand). Our power of conception therefore always 
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projects every sensation which reaches the conacious- 
ness outward, that is, to where the cause of the excite- 
ment is normally. This so-called law of eccentric 
sensations finds an easy explanation in the Bupposi- 
tion that the conception of the locidity of the efficient 
cause is gained from experience.' It will easily he 
understood that this necessarily follows from the char- 
racters which we have ascribed to the nerve-cells. 
When the nerve-cell is irritated, the same sensation I 
and the same conception must always result. Just ae it j 
makes no difference in the case of a muscle whether the j 
excitement conveyed to it by a motor nerve starts from I 
a higher or from a lower point on the nerve, or whether I 
the nerve has been irritated mechanically, electrically, | 
or by the will, so the process in the nerve-cell does not f 
depend on the locality or the nature of the excite- I 
ment. When the circumstances which give rise to 1 
the irritation are abnormal, the result is an illusion ■ 
of the senses, that is, a false cause is assigned to il I 
perfectly clear and true sensation. 

8. The nature of. the last of the capabilities which I 
we have attributed to the nerve-cells, the retardation 
of a motion, is still very obscure. The fact of retarda- 
tion is as yet principally known in the case of auto^ I 
matic motion, though retardation of reflex action also I 
occurs, as may be inferred even from the fact t^at the I 
rise of reflex actions is hindered by the activity of the I 
nerves, especially when this originates from the brain, j 
The respiratory movements being of all automatic mo ve- 
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ments the best known, it is on these that the current 
views as to the retardatory nerves are based. It has 
been exphuned in § 5 that the respiratory movements 
result from the excitement of the nerve-cells of the re- 
spiratory centre. These movements may be accelerated 
or retarded, though all the other conditions remain 
unchanged, if certain nerve-fibres which pass from the 
mucous membrane of the air-pa3sage to this respira- 
tory centre are irritated, These retardatory nerves 
are distinguished from those which pass to the heart 
y the fact that it is not known whether the latter pass 
to the muscles of the heart or to the nerve-cells 
situated in the heart, a doubt which is satisfied in 
the case of the former by their anatomical arrange- 
ment. Of the retardatory fibres of the heart it might 
be supposed that they in some way incapacitate the 
mtiscle from contracting ; in the case of the retar- 
datory nerves of the respiratory system such supposi- 
tion may be at once rejected, for they are in no way in 
contact with the respiratory muscles. The only pos- 
sible explanation is therefore, that the retardatory 
nerves act on the nerve-celis in which the excitement 
is generated, fhiia either preventing the excitement from 
a coming into existence, or preventing the excite- 
ment from passing from the nerve-cells in which it is 
generated to the appropriate motor nerve-cells. For 
various reasons the latter view has been preferred. It 
is supposed that the automatically acting ganglion-celia 
are not directly connected with the appropriate nerve- 
fibres, but that conducting intermediate apparatus are 
present between the two, and that these otfer a great 
L reBistance. This explains both the occurrence of the 
rhythmic motions and the retardation. The latter. 
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that is, is doe to an increase in the resistance by 1 
which the motion is temporarily suspended.' 

Retardatory nerves have been recognised in almost 
all automatic apparatus, and all are accounted for by 
the above explanation. The same explanation may also J 
be applied at once to the retardation of reflex action ; I 
for even in the passage of the excitement from the I 
sensnry to the motor nerves very great resistance hag rl 
to be overcome, and an increase in this resistance I 
must prevent the passage of the excitement and thus i 
hinder reflex action. Our acquaintance with this sul)- i 
ject is, however, not yet by any means complete, and I 
a final opinion on the matter is therefore for the time ] 
impossible. 

1 will only mention further that the opposite effect, 
the facilitation of the passage of the excitement from J 
the nerve-cells in which it originates, to the peripher 
nerve-courses, appears to occur. 

Finally, it is sometimes observable that when those I 
portions of the nerves which contain nerve-cells are^ 
continually and regularly irritated, a rhythmic or evea I 
an irregular movement results, instead of a regular I 
tetanic contraction o£ the muscles concerned, — a 
cumstance which is evidently to be explained in the I 
same way as rhythmic automatic activity. Theregu-I 
lar excitement having to pass through nerve-cells isl 
modified by the great resistance present in these, and! 
is transformed into a rhythmic motion, while when the I 
nerve and the muscle are directly connected, the latter J 
responds to a continuous excitement of the nerve withf 
a regular and continuous contraction. 

ic iierve-oenl res, to wliich refer- 
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9. From all these details it is very evident that 
the nerve-fibres are homogeneous the one with the 
other, and that the difiference in their eflfects is to b(* 
referred to their connection with nerve-cells of varied 
form. This seems, however, to be opposed to the fact 
that the different sense-nerves are irritable liy quite 
different influences, and each of them only by quite 
definite influences — the nerve of sight by light, the 
nerve of hearing by sound, and so on. It would, how- 
ever, be a mistake to infer from this that the iierv(» of 
sight is really different from the nerve of hearing. If 
the matter is examined more closely, it appears that 
the nerve of sight cannot be excited by light. T\w. 
strongest sunlight may be allowed to fall on the nerve 
of sight without producing excitement. It is not i he 
nerve, but a peculiar terminal apparatus in the rc^tina 
of the eye with which the nerve of sight is connc^cted, 
which is sensitive to light. The cas(i of thc^ other 
sense-nerves is similar; each is provided at its peri- 
pheric end with a peculiar receptive apparatus, whicli 
can be excited by definite influences, and whieli then 
transmits these influences to the nerves. On tlie 
difference in the structure of these terminal apparatus 
depend which influences have the power of exciting 
them. When the excitement has once entered tlu* 
nerve it is always the same. That it afterward (elicits 
different sensations in us, depends again on the character 
of the nerve-cells in which the nerve-fibres end. Sup- 
posing that the nerves of hearing and of sight of a 
man were cut, and the peripheric end of the former 
were perfectly united with the central end of the 
latter, and contrariwise that the peripheric end of the 
nerve of sight were perfectly united wdth the central 
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end of tlie nerve of hearing, then the sound of an 
orchestra would elicit in us the sensation of light and 
colour, and the aight of a highly coloured picture 
would elicit in us impressions of sound. The sensa^ 
tions which we receive from outward impressions are 
therefore not dependent on the nature of these im-' 
pressions, hut on the nature of our nerve-cells. We: 
feel not that which acts on our bodies, but only that 
which goes on in onr brain- 
Under these circumstances it may appear strangi 
that our sensations and the outward processes by 
which they are evoked are so entirely in agreement ; 
that light elicits sensations of light, sound sensationgj 
of sound, and so on. But this agreement does not really 
exist ; its apparent existence ia only due to the use irfj 
the same name to express two processes which have 
nothing in common. The process of the sensation of 
light bears no likeness io the physical process of the 
elher vibrations which elicit it; and this is evident 
even in the fact that the same vibrations of ether^ 
meeting the skin elicit an entirely different 
namely, that of warmth. The vibrations of a tuning-fork 
are capable of exciting the nerves of the human akin, 
and then they are felt ; they may excite our auditory 
nerves, and then they are heard; and under certain. 
circumstances they may be seen. The vibrations 
the tuning-fork are always the sarae, and they ha' 
nothing in common with the sensations which th^ 
elicit. Though the physical processes of the vibrations 
of ether are called, sometimes light, and at another time 
heat, a more accurate study of physics shows that the. 
process is the same. The usual classification of phyai 
processes into those of sound, light, warmth, and 
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is irrational, because in theso processes it gives pro- 
minence to an accidental circumstance, that is, to the? 
way in which they aflfect hmnan beings, who are endowc^fl 
with various sensations, while in other, such as mag- 
netic and electric processes, it is based on quit^ difff^rent 
marks of classification. Scientific study of the phy- 
sical processes on the one hand, and of the physio- 
logical processes of sensation on the other, exp^^ses this 
error, which penetrates further owing to the fact that 
language uses the same words for the difff?ront prf>- 
cesses, thus making their distinction hard(;r. 

Language is, however, but the expression of the 
human conception of things, and the conception of 
the innate identity of light and the sensations of light, 
of sound and of the sensation of sound, and so on, was 
regarded till quite recently as incontrovertihly true. 
Goethe ^ gave expression to this in the linos 

War' nicht das Auge sonncnhaft, 
Die Sonne konnt' es nie erblickcn ; 
Lag' nicht in uns des Gottcs eigne Kraft, 
Wie konnt* uns Gottlicbes entziicken ! 

Plato expresses himself in the same way in the 
* Timseus.' On the other hand, Aristotle held correct 
conceptions on the subject. But it is only since the 
researches of Johannes Miiller laid new ways open to 
science that these conceptions have gained a scientific 
foundation, and have been brought in all points into 
harmony with the facts, so that they have now become 
the basis of the physiology of the senses and the 
psychology of the present day. 

One expression of the erroneous views once pre- 
valent is to be found in the theory of so-called ode-- 

* Zahme Xenieft, iii. 70. 
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quate irritants, according to which there is such a 
sufficient irritant for each sense-nerve, that ia, 
irritant in its nature adapted to the nature of the 
Henee-nervc, and that this was alone able to excite it. \ 
We know now that this is not true. Yet the expres- 
sion may be used to indicate the irritants which are | 
especially able to act on the terminal organs of the 
nervea. 

In the same way we may look upon the idea of | 
so-called specific energies of the senae-nerves, if by J 
this it is intended to express any character of the I 
nervea, as disproved. But we must ascribe specific I 
energies to the individual nerve-cells in which the sen- J 
sations are originated. It is these alone which t 
able to produce in us different kinds of sensation. If I 
all the nerve-cells of the sensations were alike, sensa- I 
tions could indeed be elicited in us by the influence I 
of the outer world on our sense organs j but these | 
would only be of one and the same kind, or at most it I 
could only be in the strength of this one undefined J 
sensation that differences would be perceptible. There -J 
maybe animals which are only capable of such a sin 
undefined sensation, their nerve-cells being all alike J 
and not yet differentiated. Such animals would be \ 
able to form a conception of the outer world 
distinguished from their own bodies, that is, they I 
would be able to evolve self-consciousnesa ; but they I 
would not be able to attain a knowledge of the pro- I 
cesses in the outer world. The development of such 1 
knowledge in us is greatly assisted by a comparison | 
of the different impreasions brought about by the > 
different organs of the senses. A body presents itself 
to our eye as occupying a certain space, being of a 
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certain colour, and ho on. By tasting we may gain 
further conceptions of this body. If it is out of reach 
of our bandsj by approacliing it we may observe how 
the apparent size of the body, aa the eye shows it 
to ua, inereases aa we approach. These and many 
thousand other experiences wliich we have gained 
since our earliest youth have gradually put us in a 
position to form conceptions aa to the nature of a body 
merely from a few aensationa. In this act many com- 
plete inferences are unconsciously involved, so that 
that which we believe tn have been directly perceived 
is really known by inference from many sensations 
and from a combination of former experiences. For 
instance, we think that we see a man at a certain dis- 
tance; really, however, we only feel a picture of a 
certain size of the man on our retina. We know the 
average size of a man, and we know that the apparent 
size decreases with the distance ; moreover, we feel 
the degree of contraction of the muscles of our eye 
which is necessary to direct the axis of our eye to the 
object and for the adjustment of our eye to the neces- 
sary distance. From all these circumstances, the 
opinion, which we erroneously regard as a direct sensa- 
tion, is formed. 

10. We have already (chap, iv, § 2; chap. vii. 
§ 3) made acquaintance with the methods by which 
Helmhoitz measured the details of the time occupied 
by the contraction of the muscle and the propagation 
of the excitement in the motor nerves. By the same, 
■ OF very similar methods, Helmbolti!, and others after 
htm, determined the propagation of the excitement in 
sensory nerves, and found that it was about 30 m. per 
second, and therefore, at nearly the same rate as in the 
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motor nerves of men. More than this lias been done: 
the time haa been measured which is requisite for an 
irritant conducted to the brain to be transmuted into 
conaciouaness, Such determinations, in addition to 
their theoretical value, are of practical interest to 
observing astronomers. In observing the pass^e of 
stars on the meridian and comparing the passage seen 
through the telescope with the audible beats of a , 
second-pendulum, the observer always admits a Elight i 
error, dependent on the time which the impreBsiona on 
the two senses require to reach the state of conacioue- 
ness. In two different observers this error is not of 
exactly the same value ; and in order to render the 
observations of different astronomers comparable with 
each other, it is necessary to know the diETerenca 
between the two cases, the so-called personal equation. 
In order to refer the observations made by each indi- 
vidual to the correct time, it is necessary to determine | 
the error which is made by each individual- 
Let us suppose that an observer sitting in complete J 
darkness suddenly sees a spark, and thereupon givea 
a signal. By a suitable apparatus, both the time at 
which the spark really appeared and that at which the 
signal was given are recorded. The difference between i 
the two can be measured, and it is called the physio- j 
logical time for the sense of sight; the physiological 1 
time for the sense of hearing and for that of touch 1 
may be determined in the same way. Thus Professor f 
Hirsch, of Neufchatel, found — 
In the case ofthe sense of sight 0-1974 io 0-2083 sec. I 

„ „ hearing 0-194 

„ „ touch 0-1733 

When the impression which was to he recorded t 
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not unexpected, but was known beforehand, the physio- 
logical time proved to be much shorter ; in the case 
of the sense of sight it was only from 0*07 to 0*11 of 
a second. From this it follows that, in the case of 
excitement the advent of which is expected, the brain 
fulfils its work much more quickly. 

Certain experiments made by Donders are yet more 
interesting. A person was instructed to make a signal, 
sometimes with the right hand, sometimes with the 
left, according as a gentle irritant applied to the skin 
was felt in one place or the other. If the place was 
known, the signal succeeded the irritant after an in- 
terval of 0*205 of a second, but if the place was not 
known, only after an interval of 0*272 of a second. The 
psychological act of reflection, as to where the irritant 
occurred, and that of the corresponding choice of the 
hand occupied, therefore, a period of 0'067 of a second. 

The physiological time in the case of the sense of 
sight was somewhat dependent on colour ; white light 
was always noticed somewhat sooner than red. If the 
observer knew the colour which he was to see, he gave 
the signal sooner than when this was not the case and 
he had first to reflect as to what he had seen before he 
gave the signal. In such experiments, the observer 
always forms a preconception of the colour which he 
expects to see. If the colour when it becomes obser- 
vable corresponds with that which he expected, the 
reaction in the observer takes place sooner than when 
this is not the case. 

Similar observations were made in the case of the 
sense of hearing : the recognition of any sound heard 
follows sooner when it is known beforehand what sound 
is to be heard than when this is not the case. 
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This sluggishness of the consciousness, if we may si 
call it, is exhibited in another way in certain experi- 
ments instituted by Helmholtz. The eye sees a figure, 
which is immediately followed by a bright light : the 
more powerfitl the latter is, the longer must the first 
have been seen, if it is to be recognised at all ; 
over, complex figures require more time than simpler. 
If letters are seen lighted up on a bright ground for sfi 
very short time, no otlier light following, a shorter tim« 
is necessary for the recognition, the larger are the lettei 
and the brighter the illumination. 

It is true that it is only very simple brain activitii 
the origin of which can be in any way made clearer b] 
such experiments as these ; but yet these are the rudi- 
ments of all mental activity — sensation, conception, re- 
flection, and will; and even the most elaborate deduction' 
of a speculative philosopher can only he a chain of 
simple processes as those which we have been observ- 
ing. These measurements, therefore, represent the 
beginnings of an experimental physiological psychology, 
the development of which is to be expected in tl 
future. It seems to me that remunerative study 
the processes in nerve-ceUs must start from the vei 
simplest phenomena. Results are, therefore, to be 
looted for in the study of the processes of reflection] 
possibly these will prepare the ground on which at 
future time a mechanism of the nervous processes ms 
be buHt. ' In truth,' says D. F. Strauss, in ' The Oi 
and the New Faith,' ' he who shall explain the grasp 
of the polyp after the prey which it has perceived, or 
the contraction of the insect larva when pierced, will 
indeed be yet far from having in this comprehi 
human thought, but he will be on the way to do 
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may attain his end without requiring the help of a 
single new principle.' Whether this end will ever be 
attained is another matter. But we can always gain 
fuller knowledge of the conditions under which it may 
come to pass, and of the mechanical processes which 
form its first principles. Such is the lofty aim after 
which the science of the General Physiology of Muscles 
and Nerves strives — an aim worthy of the labour of the 
noblest. 
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1. Graphical Representation. Idea of Mathejwatical 

Function (p. 49). 

Tho method employed in fig. 16 of representing by a 
sign the dimensions of the expansion relatively to the amount 
of the expanding weights, admits of such a variety of appli- 
cations, and will be used so frequently, that a brief explana- 
tion of it may not be out of place here. 

When two series of values bear such a relation the one 
to the other that each value of one series corresponds with a 
definite value in the other, mathematicians speak of the one 
value as the function of the other. This relation may 
always be exhibited in tabular form, as in the following 
example : — 

123456789 10 
2 4 6 8 10 12 14 16 18 20 

The relation which prevails in thii* ca«e is very simph;. 
Each number in the upper series corresponrls with a nunib«;r 
in the lower, and the latter is always double the valurj of 
the formcfr. Representing the numlxrrs in the upjxjr w;n«?H 
by X, those in the lower by y, the relation Ixjtwwjn the two 
series of numbers may be expressed in the formula : 

y=2x 
This formula expresses the same and cvrm more than the 
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table. Substituting for the unknown x, which may repra-^ 
sent any number, the number 4, then the table expreases 
tbat the vtilua of the corresponding y is 8. If 3;=5, then the 
table expvesaea that y=10. But when the value of * is 
intermediate between 4 and 5, e.g. 4-2371, the table does not J 
lie!p us; bwt by the use of the formula the value of theT 
corresponding y may easily be found ; it is ^ 8-4743. 
The foi'mula may be reversed, and written thns : 

that is to Biiy, for any given value of y we may calculate thej 
corresponding value of :c. It is exactly the same in 
of the similar formula : 

wliii^h may also be written thus ; 

in this case, therefore, with each given value of i correspoodi 
a certain valne of y, tho latter being three tiraeB the valui 
of the former. In the two corresponding formul* 

y^a 3^ and x^-y, 

is a somewhat wider expression to this kind of relation ; 
this ca^ X and y are again the signs of the two coireapoud 
ing series ot nnmbera, a expresses a definite figure which if 
be regarded aa unchangeable within each particular en 
our first example o^2, in our eecond e.saiuple a: 
siaularly in any other instance a may bave any other valuafl 
Looking now at the following table ; 

12 3 4 5 6 etc. 

1 4 16 25 36 etc. 
we see that any number in the lower seiiea is found I 
multiplying the corresponding number in the upper st 
itse'f, as may be exnressecl in the fonnula 
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This formula when reversed appears thus : 

x=s/y. 

Provided with a formula of this sort, which expresses the 
mutual relation of two corresponding series of values, it is 
always possible to draw out a tab^e, though, on the contrary, 
the relation laid down in the table cannot always be ex- 
pressed in a formula, for the relations are not always as 
simple as in our examples. Generally the values which are 
treated in the table are such as have been found by observa- 
tions, as for instance in our case, the expansion of the muscle 
caused by various weights. With each weight an expansion 
corresponds, and this- is found by experiment and may be 
expressed in tabular form, thus : 

Weight: 50 100 150 200 250 300 grm. 
Expansion : 32 6 8 95 10 10-5 mmt. 
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Fig. 69. Graphical representation of Muscle-expansion. 

All that is shown by the table is that the expansion does 
not increase proportionately with the weight (as would be 
the case in inorganic bodies), but increase in a continually 
decreasing proportion. But any required function-character, 
whether it is expressed by a compai'ison or in a table drawn 
up on the basis of observations, may be diagrammatically 
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Biiown by a method first employed by Descartes, wliich it 9 
otir present object to explain. 

The amounts treated may be of the moat varied kindj 
numbera, weights, degrees of warmth, the namber of birt 
or deaths, and so on. In all cases the amount may be diagram- 
matically shown by the length of a line. If a line of a cer- 
tain length represents any given amount, then double this 
amount is represented by a line twice the length ( 
former. It does not matter what is the standard selected 
but when once selected it must not be varied in 
representation. Two lines ore drawn at right angles 
each other ; from the point of section B (fig. 69} the lee 
which are to represent the values of one series ( 
the weights attached to the muscle) a 




FiQ. TO. DiAunAj 
horizontal line. From each of the points thus obtained, d', lr% 
d", d'", a line is drawn at right angles to the first, c 
taken to make its length express the expansion correspondiid 
with each weight respsetively. This gives the lines d' T 
b" £", d" £'", d'" ]?". By connecting these points 
obtain the curve BB' B" B'" B'' ic", which at & glance 
shows the relation between the weight and the esipansion. 
In exactly the same way the curve b h' h" b'" B''' y is pro- 
jected, and this represents the expansion of the active muacleu 
by the corresponding weights. 

In many cases it is i-equii'eU to represent values crf opp« 
site binds. If, for example (fig, TO), the wire a 
versed by an electric current, then one half assumes poettinj 
tension, tlje other negative tension. To express this, i 
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Jiaes wliiuh are to repi-esent positive tension are drawn 
upward, those which are to represent negative tension down- 
■n'ard, from the basftl liiio. The figure then ahowa that 
the tension io the middle of the wire = 0, anil that toward 
the left the positive, toward the right the negative, tensions 
increase regularly. In order to find the amount of the 
tension prevailing at any particular point, e.g. at e, a per- 
pendicular line ia erected at that point; and the length 
of this, e /, accurately represents the leusioii there pi«- 



[ 2. DiBECTION OF THE MuSCLE-FlDUE9, IIeIOHT OF ELEVATION, 

AND TiiE Accomplishment op Work (p. 93), 
Because of the extreme rarity of long parallel-fibred 
muscles, it is interesting to examine more closely the in- 
fluence which oblique airangeraent of the ^ 
fibres exercises on their force, height of ele- 
vation, and on the work which they accom- 
plish. When a. muscle-fibre is so arranged 
that it is incapable of efiecting a movement 
in the direction of ita own contraction, only a 
part of the force of tension which ia genented 
in it by its contraction comes into play, and 
I this part may be easily found by the law of 
[ the parallelogram of forces. This is the case 
mply and doubly penniform muscles, 
ag that the muscle-fibre ^ .B {fig. 71) ( 
contracts to the extent S b, but that motion 
of the point B, on account of the attachment 
of the muscle to the bono, and of tlie niitui* 
of the sockets of the latter, can only occur in ' 
the direction 5 C; in that case the mnscle- oifOHMQUEiiua- 
1 contracting, undergoes a change in I'l^E-i'iDiiEs. 
\ direotioD from ita fixed point of origin A, and thus asaTimes 
I the poMtion A b' ; the elevation which is really effected in, 
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therefore, B h'. The amall triangle Bbh' may be regarded I 
as a right-angled triangle. This gives 

The force with which the muscle-fibre strives to contratitl 
in the direction A B being called h, orJy part of thia forc^J 
the component k' lying in the direction B C, finds eKpression. I 
Accordingto the law of the imrallelogram of forces, thia 
ponent is 

This force may be regarded as proportionate to tho.J 
weight which the muscle-fibre is able to riiise to the givenw 
height of elevation. If we then calculate the work whjcb4 
the muscle can accomplish, we find, if the motion can take I 
place in the direction A B, 

A=Bb h ; 
hut if motion cun only occur in the direction B C, 
A = Bb' A'=-^, A i,in(i=Bb k. 

The value in the two cases is therefore exactly the same, 
or, ia other words, the amount of wort accomplished hy the 
muscle is quite independent of the direction in which ita 
action takes place. This ie, naturally, true of every other 
muscle-fibre, and, consequently, of the whole muacls. The 
statements which we have made of parallel-fibred mnscleB 
are therefore also true of those of which the fibres two iiTe- 
gular. The possible height of elevation is always greater 
the longer the fihres are, and the force proj^ortionate lo tLo 
diameter op to the number of the fihres. In oblique-fibred 
muscles the fibres are generally very short, hut very nume- 
rous ; these must, therefoi-e, whatever their accidental form, 
be r^ai'ded as short and thick muscles, possessed of small i 
elevation and great force. 
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Wlfeen tbe euik of a iilidiii^ iiidorLive apfiarBta^ air 
hrr m^ it T>fiT€r ia> "Ht^ter. lilie BarRTiguL of xW nidoroTf- mrreDt 
does not iaci^BBe in cx&et prtijKircian iritiL xLe dttcrestan^ 
AistMne^ batireeena l3ie two, but in a ccmijiki var, Triiki 
most b? prorideid for id ea:^ igipaivniB sejiaraleihr. fidk, 
Kranecker, and otbeiFE La-re Bhcom naediodLs Inr irliiHi this 
calibrati0n of tlie a|ipcra.tiis max be aoDcazijilisiied. If the 
real strength of libe initatiB^ enrresit is oaaoparEd with 
the hei^t c£ the pnlsatiaD width it elidte, it appears that 
when the onrrent i< xwy weak do action is obBemHe: 
action fiist appears, in xhe farm of a sli^t, just risible palsa- 
tion, when the curreDt has reached a certain stresisth, greatier 
or less according to the eosMiition of excdtabilitT of the 
nerve. As the currents increase farther in strength, the 
heights of eleraticm increase in exact propcation to the 
strength of the currents, till a certain mjtYifnwm has been 
readied. If the strength of the current beccmies yet greater, 
the pulsations remain constant (or a time; but then they 
again increase and reach a second maximum, above which 
they do not pass. 

These so-called * over marimnm ' pulsations are due to 
a combination of two irritants. An inductive shock i<!, as 
we have seen, a very brief current, in which the commence- 
ment and the end succeed each other very rapidly. For 
reasons which will be further explained in Note 7, tbe com- 
mencement of an inductive current is a more powerful 
irritant than its end. As long, therefore, as the current 
does not pass a certain strength, only the commencement of 
the current irritates ; but in tbe case of very powerful ciu*- 
rents the end may be sufficiently effective : this gi\*cs two 
irritations following each other in rapid succession, and tlioso 
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together effect a greater pulBivtion tlian does a single 
lion. 

If more tban two irritanti. follow each other in 
succession, tetanus reeulte, as we know. In thie au 
tlie height of elevation is always greater than that which 
can be attained by a singlo pnlaation. For the muscle haa 
the power of being again irritated even when it is ali-eady in 
the act of contraction, a more powerful contraction being 
thus induced in it. The bearing of tliese facts on tho case i 
of nerve is that the separate excitements effected in it by I 
these rapidly Buccessive irritations do not mutually disturb 
each other, but are transmitted one after the other, in the 
sequence in which they originate, to the muscle on which 
they act. But when the number of the irritiinta becomes 
too great, the nerve-molecules are no luDger able to keep 
pace with the rapidly succeeding shocks, and the i 
unexcited. The limit at which this intervenes haa, Low- 
ever, not yet been determined with any certiunty, 
apiieors to lie at between SOO to 1000 irritants per second. 



4. Curve OF Excitability. Eesistanceto TransmissiofJ 
(p. 123). 
The increased escitability at the uppei' parts of the u 
injured sciatic nei-ve, when not severed from the bodyJ 
which, on the strength of our earher experiments, we have,! 
assumed in the text, has recently been again defended bf f 
Tiegel against various objections. For reasons explained ixL'I 
tbe text it is inadmissible to infer an avalanche-like ii 
in the irritation merely from this higher excitability of tberl 
upper parts. Beside the experiments of Munk alluded tttV 
on page 115, there are other expei-iments from which i 
resistance to transmission in the nerve may be inferred. I 
Such a resistance, weakening the irritant during its prc^a* J 
gation, and an avalanche-like increase in the in'itant^ a 
irreconcilable contradictions which mutually exclude e 
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otlier. If resistance to transmisaon can lie eliown, then tLe 
irritation cannot increase in strength during its propagation 
through the nerve. I will, therefore, here briefly mention 
the reaaona which induce me to declare in fapour of one, and 
against the other, of these a 



. 141, 

eiderahly harder when the nerve is in an audectro tonic 

condition, and in strong anelectrotonna it in even rendered 

altogether impossible. It is natunil to regard this great) r 

difficulty as an increase of a resistance already present. A 

more important reason is however to be found in the phe- 

a which occur in reflex actions. If a sensory nerve 

iritated, tho esritement can ba transmitted to the don-al 

r and the brain, whore it may be transfurrcd to a. 

motor nerve (rf. p. 274). This transference always ocenpies 

a considerable time, which I call reflex-time. If a aensoiy 

nerve is indtated sufficiently to cause a powerful reflex action 

(called a 'sufficient irritant'), if the reflex-time in this case is 

determined, and if iiTitanta of continnally increasing strtngth 

I then Rllowed to act on the same point in the nerve, 

then tlje reflex-time is found to become continually shorter. 

If, however, a point in the nerve lying very near the dorsal 

is irritated, then evpn in the case of a 'suiEcicnt 

irritant ' the refiex-time is short. It is evident that the 

duration of the reflex-time depends on the strength of the 

irritant when it reaches the dorsal marrow. The irritant 

which comes from the point in the nerve adjacent to the 

dorsal marrow ia but slightly afiected; but that coming 

I from a more remote point is weakened; so that a much 

1 Btronger irritant must be applied to these more remote points, 

an equally short reflex-time ia to be attained. 

It is true that these observations have been made with 

I Bensory nerves. But owing to the entirely similar character 

[ ^chibited by all kinds of norve-fibrea in all points, where 

R, oompaiison is possible, we are juatiflod in applying the views 

T.^hns gained to the motor-nerves. It is, at all evente, im- 
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probiible that in one nerve-fibre a resistance to transmisfdca 
exists, and in another an avalauche-like increase. All th* 
facts !ire more easily and simjily explained by assuming t] 
there ia a resistance to tmnsmissiou in all uerres, allowancftl 
being at the same time made for the difference in 
ratability of different points in the uerve. 

Moreover the curve of excitability in the case of the 
sciatic nerve is Dot a simple uacendiug line from the miisde 
to tlie dorsal marrow. This nerve is found, as is shown in 
fig. 72, by the union of several i-ools ; it then, at various 
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points, gives off branches which enter the muscles c 
upper leg, and then separate into two branches, one of ■ 
provides for the calf-muscle {gastrocnemius), the other for the 1 
flexor muscle of the lower leg. If various points o 
nerve are initated in the living animal, the nerve having J 
been merely expot^d and isolated from the surrounding parts, . 1 
but not sepiH'ated from the doi'sal maiTow, it is very evideotj 
that the excitability at the upper points is generally greater'! 
than at the lower ; but points are also found in the coniad'J 
of the nerve at which a greater oxcitiLbility extt^ta than at ti 
piiint* above and below, as also, on the contrary, c 
citability tliftn at the adjacent pointst. Such irrc^ularitittfl 
are most abundantly exhibited at the points where n 
branches separate from the main tnink, especially when tbeaij'fl 
branches have been cut away. This is partly due to elM 
tiBtonic influences (cf. p. 125 et aeq. ; p. 215 el teij.,'Soie1.!t)iM 
Tiie nerve-fibrea which are cut generate a cui'rent whi<A'4 
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passes throngh those whicli are not cut off, those the excita- 
bility of which is tested, and alters their excitability. This 
influence changes in the whole mass, as the cut nerves die, 
thus giving rise to irregularities the further nature of which 
we need not trace. 



5. Intluence of the Length of the Portio:t op the 

Nekve excited (p. 138). 

If the irritant remains the same, the longer is the portion 
of the nerve irritated, the stronger is the action on tlie 
muscle. If the excitability of a portion of the nerve is found 
by the method of minimum irritants, that is, if the weakest 
irritant capable of effecting an observable pulsation is looked 
for, and if various d^rees of excitability prevail in the j)or- 
tions of the nerve simultaneously exposed to the init4iiit, 
action may result, even if only a part of the portion of n(?rvo 
is really excited ; in reality, therefore, it is but the ex(nta- 
bility of the most excitable part of the whole nerve-portion 
which is tested. In a fresh nerve this is generally the ui)por 
part of the nerve-portion. But when there is no great dif- 
ference in excitability within the nerve-portion, then every 
part of the portion will be excited by an irritant of a certain 
strength in an approximately like manner, and the action 
observed in the muscle will therefore be the combined effect 
of the excitement of the separate parts of the nerve-portion. 
But if, as we have aesumed, the loss of excitability in <»acli 
part follows the highest excitability very suddenly, the oSTimt 
must be that the portion actually irritated continually be- 
comes shorter; the parts which are irritated are however 
still in the highest state of excitability, and therefore exhibit 
the third stage of pulsation (the testing current having been 
so chosen that, in the fi*esh nerve, it originally produced the 
first stage). The form in which the third stage exhibits itself 
— ^pulsation on the closing of a descending current and on the 
opening of an ascending current— must therefore remain 
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nnohanged, bat tbe pulsatione must gradually decresse in. 
strength, and all effect must finally disappear, just when 1 
Jxcitability, and the death which followa 
s the lower limit of the excited portion. 



6. Difference between Closing and Opening Induc- 
tive Currents. Helmholtz's Aruanoement {p. 151). 

"When an electiic current is suddenly closed in a ttpiral, 
thlB not only ftcte inductively on a neighbouring epii-a], hut 'J 
the individual t»ils of the ]irimary spiial act inductively o 
each other ; an analogous effect would occur on the opening, M 
but that the sudden inteiTuption of transtniE-don prevents the 1 
developmentof this opening inductivecurrent in the priinar^.l 
coil. The inductive current which originates on the closingi^l 
of the current being in an opposite direcuon to tiie closed f 
1 current itself, the former must weaken the latter ; I 
rent can therefore attain full Btrengtb, not at once, but only I 
gradually ; but on the opening the current suddenly ceases, f 
This difference in the dui-ation of the closing and openinij 1 
of the primary current corresponds with differences in thdj 
currents induced by them in the secondary spiral, which n 
used for the initation of the nerve. Figure 73 exhibits thesafl 
characters. Tiie upper part of tbe figure repreaents tbetem-^ 
poral course of the main current in the primary spiral of e 
inductive apparatus; the lower jmrt repi-esants the tempt 
course of the induced currents in the secondary spiral, 
line , . . , . . ( represents the duration. The primary ciurenq 
ia closed at the moment o. Were the retardatory infliu 
which has been mentioned not present in the primary spim 
tbe current would at once attain its full stri'ngth OJ; \ 
owing to that influence it attains this strength only gradaallyJ| 
somewhat as shown by tbe crooked line 3. With this gradu' 
ally occurring cuiTent con-esponds a closing inductive cun-ea%3 
in the secondary spiral, as is represented by the cui-ve 4jJ 
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the curve is drawn downvard from the time-line o .. .o . . . t, 
to indicate that the direction of tliifi induced cniTent i« 
opposed to the dii^ection of the primary' cnrront. If the 
pnmarr current is interrupted, it suddenly falls from the 
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strength y, as indicated by tlie Mtmi^^hi lin** I. Willi Hmm 
fall corrasponds an indiictivcj ciuri'nt,, wlii*h piidd»nly li'^tq 
very abruptly and again falln H^^UHfwhut h-m iihnipHy, fi^^ 
shown in curve 2. From tlii» it in <'vid*'iit UmiI I|i«« IhH« r 
must be physiologically much wont «'Hi tli v«' llifin tli«' Ufi mm v. 



306 



PIIYSIOLOGT OF MUSCLES AHD NERVES. 




i 



Occasionally it is desirable to remove this difference, 
to provide two inductive cuiTenla wLich flow and act nearl; 
in the same yraj. This may bs managed, if, instead 
closing und interruptiog the ciiiTeut of the pnmary coil, 
additional closing wire offering small resistance ia provided, 
ftnd the interruption ia efiwted in this. If this additional 
apparatus ia present, only a very small part of the current 
passes through the primary coil. Tbe strength of this part ia 
indicated by J^ /,. When the closing in the additional 
paratus is interrupted, the primary current slowly 
in atrength friim /, to ^ aa shown by the dotted curve 5j' 
with this increase corresponds an inducti\'e current 
secondary coil, as represented by curve 6. If the closing of 
the additional apparatus is once more efiected, the current 
the primary coil sinks in strength from J to •/,; but the so- 
called extra current, that which originates in con: 
the sinking in the primary coil, ia now able, the coil beii 
closed, to take elfect, and, as its direction ia the same as t) 
of the main current, it retiii-da the sinking of the latter, 
that this now takes place as indicated by curve 7; and w 
tliis slow sinking of the main current corresponds an ind' 
live current in the secondary coil, such as is shown 
curve 8. 

lielmholtz made an alteration in du Bois-Heymoi^d'i 
sliding inductive apparatus by means of which this 
ditional closing and opening is automatically accomplished^ 
He adapted Wagner's hammer for this purpose, as shown ii 
fig. 74. The current of the apparatus A''paBses through th( 
wire arranged between g and / to the primary coil a, froi 
this to the coils round the amall electro-ioagDet b, snd ft 
the latter through the column a, back to its original 
point. The electro-mi^iet attracts the hammer h, 
sequence of which a small platinum plate fiuitened beloi 
the German silver spring is brought into contact with 
platinum point of the screw/, thus completing a brief 
efficient additioual closure i;,/) a. The consetjuence of t1 
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E that the ciirront in tlie cojl c, and at the stimc tliue in the 
L elwtro-maguet, is much weiikcaed ; the latter can no longer 
t attracb the hammer, which springs upward, so that the plate 
LB removed from the point /, and the additioun,! dosuro is 
interrupted. The current once more pagses in full strength 
through the coil <; and the electro- magnet b, the hiuumei- is 
again attracted, and the whole process is i-epeated as kmg as 
the circuit A' endures. K it ia requiied to restore the api>a- 




mtuH to its original condition, it is only r 
the wire y,, and to lower the point/ 



7. Action of Corbests of Shokt Duration (p. 152). 
Either the closing or opening of a continuous current 
► OP an inductive cummt is used to excite the nerve. In tlie 
latter cose, however, as has ah^eitdy been indicated in Note 
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3, we Imve I'eally to do with a clnsing immedUi^ly soivfl 
ct^eded by an opeiiing, for the inductive curi^nt arises and.! 
a;;aia disappears as soon as ithas reached a oei'tem strength. I 
This raaj be iinitAt?d with siiibible apparatus, hj closing afl 
constant current for a very brief tjme. Such a 'cnrrentl 
ehock ' may exhibit exactly the same phenomena as does an I 
indnctiTe current. If its duration remuins unaltered, but I 
the Etrength of the current is gradually increased, the height ■ 
of elevation at £rst increases, remains fur a time at a fii'sba 
Riaximum, after which it agiiin increases and i-eoches a second fl 
maumum. The eKpltination is tlie same as was given in. ^ 
Note 3 for inductive currents. At firat only the beginning 
of the current (the closing) acts excitingly ; but when the 
current is stronger, the c^sation of tlie current (the opening] 
c^ui also act in the SEime way, and a combination of the two 
irritants am be formed. 

If the dumtion of such a current-shock is very short, lie 
curi'ent must be stt-onger, if it is to exercise any exciting 
effect at all, tlian would be necensaiy if the dui-ation were J 
longer. It is evident that a current, if it ]a.sts too short »■ 
time, cauuot effect a sufficient change in the molecular con- ] 
dition of the nerve, and weaker curifjits require a longer j| 
time to do this than stronger. 

From the curves in fig. 73 which i-epresent the dumtii^ I 
of inductive currents, it appears that without exception 
commencement of tbe current results more abruptly than its 
disappearunee. The commencement of every inductive cur- 
rent must therefore more easily excite than does its eild, 
especially as this is always the case even in the ordinaiy ' 
closing and opening of every constant ouri'eiit, in which such. 
considerable differences in the duration do not occur. 
the case of weak inductive currents it is always only tlia 
commencement which is active, iu other words an itiducliw ' 
crtrrent acts ae rfoc« the doging of a continvoiis current, i 
Now let us suppose that an inductive current is pal 
through a nerve in on ascending direction. So long as tiiB 
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I cuiTent does not exceed a certain strength, it can excite ; 
liut wlien it is strong it ia ineffective, since the closing of 

I Btrong ascending currenta ia alwiiya iueffoctive. If, however, 

' the CQrrent is made yet stronger, it may agnin become effec- 
tive, because the opouiag portion of the current can now, in 
Bjiite of ite retaj'ded course, cause an irritation. This gap 
(ZucSe) in the action wna obaerveil hy Fick, and nfterwaixla 

' by Tiegel. How fiir otlier causes besides these here ex- 

' plained combine to produce this peculiar \ 
cannot examine further here. 



8, Action of TnANsVERSB Cobrents. Unipolar Ihhitation 
(p. 152), 
If a current is [laascii transversely through a nerve, tUiit 
is, in a direction at light angles to the long axis of the nerve 
fibres, it has no effect, To effect the alteration in the posi- 
tion of the nerve moleculcB which we regard ns the cause 
of the proce^ of excitement, the current must, themforci, 
pass in the longitudinal direction of the nerve. This is pii> 
bftbly due lo the peculiar electric forces of the norvepiir- 
ticles, which are treated of in detail on page 215 el s^q. Just 
as an electric current if it iluws parallel to a magnetic needle 
deflects the latter, hut has no such effect wiien it flows in a 
direction at right angles to that of the needle, bo the nerve 
particles can only be disturbed from their quiescent position 
by currents which run parallel to the axis of the nerve. If 
the current is directed obliqaelj to the nerve fibre, it acts 
I but not so strongly as wheji it is parallel, and the degree of 
the action decieaaes proportionately as the angle which the 
' current makes with the nerve-fibi*e approaches more nearly 
D a right angle. 

The connection between the phenomena of electrotonus 

ml excitement of the nerve led us to believe that theexcite- 

1 meot takes place, not throughout the whole portion of the 

nerve traversed by the current, but only in a part which on 
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closing is near t)je kathode, oa opening is near tbe flnodo. 1 
This gives rise to the questton, whether it is possible tO'l 
expose the aorve to the action of one electrode alone. This! 
may be done, in the case of men or other animals, by placing] 
one electrode on the nerve, the other on a remote part of J 
the body. If the kathode is situated on the nerve, only 1 
closing pulsations nre obtained ; if the anode is situated e 
the nerve, opening p\iisationa are nlone olrserved. If the J 
currents are very powerful, excitement may certiunly a 
at the point where the nerve meets the adjacent t 
This form of nerve irritation may he called unipolar, thoagh I 
in a different sense from that in which the name b usually ■ 
used in cases where only one wire is laid on tlie nerve, and I 
yet currents may flow through the neive. Such eases, how- T 
ever, are physiologically of no special interest. 

d. Tangent Galyasometek (p. 162). 

lu the ordinary tangent-galvanometer a small magneUcJ 
needle is [jlaced in the centre of a, coiuparatively, very larga T 
circle, through the periphery of which the current Is made to J 
pass. When tbo needle is deflected, the position of its polefl 
does not alter essentially aa rt^rds the current, the actum oT 
which may therefore be I'egai'ded as directly propoiiaonate tw^ 
its strength ; and from tbe opjMsed action of the curreint, 
and of the foi-ce of attraction which the earth exercises on 
tbe needle, whith must also I* regarded aa constant, it is 
evident that the two forces must be in equilibrium, if tJta-_ 
trigonometric tangent of tbe angle of deflection is ( 
tionate to tbe strength of the cun-ent. 

Such tangent-gal vanometera ai-e, however, only adapt 
for measuring powerful currents. The galvanometer w 
we have described, adapted for very weak euri'enta, is d 
ent. But if, as was assumed, all the deflections wbich a 
to be measured are hut very small, we may still assume ti 
tbo mode of the influence of the current on the magnet f 
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not altered bj the defiecticm. Then, in tbe case of this ap- 
paratoB also, the strength of the earrentfi maj be regarded 
as proportionaie to the tangeDt of tbe angle of deflection. 
A glance at £g. 19. on p. 57. shows that the displacement 
ai the scale is equal to the tangent of the doable angle of 
deflection. For bo small an angle we mar put 

tg ('2 ") = '2tg r., 

that is to say, the tangent of tbe double angle is equal to 
double the tangent of the single angle. And from this it 
follows that the strength of the currents is proportionate to 
the displacement of the scale directly observed. 

10. TeXBIOXS IX COXDUCTORS (p. 133). 

To determine the a>«olute amount of tension at any 
point in a conductor, it would be necessary electiically to 
isolate the conductor, and to connect the point in question 
with a sensitive electrometer. But if any point of the iso- 
lated conductor is brought into conducting connection with 
the surface of the earth, this fioint would assume a tension 
equal to 0, without any alteration in the diflerences of tension 
at the various points. Other points of the conductor may 
now be brought successivelv into connection with the earth, 
thus altering the absolute values of the tensions at the 
separate points, though the difference between the tensions at 
the various points remains the same. From this it follows 
that these differences are alone of importance for us. In our 
later explanations. we have therefore represented the matter 
as though certain points (the boundaries between the longi- 
tudinal and cross section) had a tension^O ; that is, we always 
thousrbt of them as connected with the earth. All tensions 
that are greater than this we call positive, all that ai'e loss 
negative. 
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11. Duplex Teansmi8Sion. Degenehation, Beceneratioh ] 

AND COALEHCENCB OF A BlHECTED NehVE (p. 218). 

Duplex tranBmisaion hiis been shown in another way, 
but the proof ie not so trustworthy and cleai' as that guned 
by the aid of negative variation. If nerves of the living 
animal are bisected, a striking change ocours in a very short 
time in the parts of the nerve-libre below thepointof Bcission. 
The medullary sheath beL-omea ci-inkled, and tho excitability 
is lost. If, however, the cut sarfacea are not too far sepa- 
rated, the nerve-fibres can coalesce, the lower ends again 
become exoitahle, and the cKcitement can be tiansmitted 
through the cicatiix thus fonned in the nerve. On these 
£act3 Bidder based on experiment, in which he tried to canse 
a sensory nerve to coalesce with a motor nerve. The sen- 
Bory nerve of the tongue {N, Ungualia), a branch of the fifth 
brain nerve, and the motor nerve of the tongue {N, kf/po- 
glvMun) cross each other below the tongue before they enter 
the latter. If the two nerves are cut at the point where 
they cross, and if the upper end of the sensory nerve, wbich 
coDies fi*om the brain, ia connected with the lower end of tho 
motor nerve, which entei's the tongue, as much as possible 
of the two other ends of the nerves being ciit out, thai the 
two different iiervea coalesce, so that after a time pulaationa 
may be caused in the muscles of the tongue by irritation 
above the cicatrix, and indications of pain may be elicited 
by irritation below tho cicatrix. The proof ihat in this caee 
the excitement ia transmitted downward in the npper sensory 
nerve, upward in the lower motor nerve, would be unassail- 
able if it could be shown that nerve-fibres of the one nerve 
1 ave not grown through the dcatiix and entered into the, 
other nerve. This pcisibility, improbable as it is, cannot 
he disproved. 

A recently piiblithed experiment of Paul Brrt is fouoded 
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1 sdmii.ir idea. Bert made a wound in tJie Lack of a rat, 
I cut offa Kmall piece nf the end of tbe tail, iiad fixed the tail 
' firmly in the wound on the back. The tail of tLe rat coa- 
lescing with the tlesli of the back, it was attached at two points 
tike the handle of a pot. The original I'oot of the tail was 
' then cut through, so that the atbtcbmeut to the back alone 
. remained. If the fi'ee end of the tail, which was originally 
' the tail-root of tlie rat so treated, is pinched, the animal 
3 it ; so that the in-itation. is evidently transmitted in 
I the sensory nerves in a direction opposite to that which is 
nsual in the tail of a rat under normal conditions, and it is 
accordingly evident that the sensory nerves of the tail have 
the power of transmitting the ejtcitement in both directions. 



13. Negative Vauiation and E.\aTE.MEKT (p. 220). 

That negative voi-iation is a constant and inBepanihle 
accompaniment of nerve-excitement has been shown by 
du Boia-Keymond by a large numbex of caieful and varied 
espeiiments, which have been confirmed and extended in 
various directions by many observers. It makes no difference 
by what initant the nerve is excited ; and both motor and 
Bensory nerves are conditioned exactly alike In this matter. 
From a large number of experiments to aeleet hut one of 
peculiar interest, I may allude to the experiment recently 
made -with tbe nerve of sight. If the eye is extracted and 
prepared in connection with a portion of the nerve of sight, 
and if the latter is suitably tested as to its nerve-current, 
and light ia then allowed to fall on the eye, previously shaded, 
then the current of this nerve exhibita negative variation. 

If ligatures are applied to a nerve bo that the excitement 
am no longer propagate itself fi'om one side to tbe other, 
initation of one side causes no negative variation in the 
other side. This experiment is of importance because it 
affords a means of proving with sufficient certainty that no 
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13. El,BCTBOT0SL-S. SECONDARY PULBATION EFFECTED BT 

Neeveh. Pahadokical Pulsation {p. 321). 

The reason why it is impossible to esamiuc the electro- I 
tonus of the iiitrapolar portions is purely physical. If the I 
constant current ia ti-anamittsd through the portion ( 
(Sg. 60, p. 220), and two points of this portion are c 
nected with the multiplier, then a. part of thi3 current passes ] 
through the multiplier itself, bo that the portion of tha J 
1 which is sitnated between these points is traversed [ 
by a weaker current thnu ai^e the adjacent portions. Tha 1 
conditions are thus rendered bo complex that i 
very hard to exphuu the plienomena. Other attempts to 
study the character of the inlrapolar region hove as yet 
afforded no clear reenlts. 

If a nerve a is laid on a nerve b, in the way show n in 
fig. "5, A, S, 0, so that the nerve b forms a diverting arch fot 
a portion of the nerve a, and if electrotoDUS is generated in 
the latter by a constant current, then the eleotrotonic cur- 
rent paaseB thi-ough the nerve b, and can at its commence- 
ment and cessation (cIuEing and opening) excito the nerve b, 
and cause pulsation in the muhcle of the nerve. This ia 
Bpoken of as etcondary ^tuhatioit/i'om Ihr. nenw. By rapidly 
repeated closings and openings of the circuit, tetanus may he 
elicited. But this secondary pulsation is caased only by 
electrotonus and not by negative variation, so that it can 
be more easily brought about by constant currents than by 
inductive currents. It ia thus diBtinguiRhe*! from the trcon- 
dari/ ptiUation fffealed by mugclx, which wiw described on 
p. 209. The negative variation of the nerve-current is too 
weak to cause any noticeable effect in a recond nerve. 
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A special form of secondaiy pulsation effected through the 
nerve has been described by du Bois-Reymond as paradoxical 
pulsation. If a constant current is passed through the branch 
of the sciatic nerve to which allusion is made in Note 4, 
which passes to the flexor muscle of the lower leg, then the 
calf-muscle may also pulsate when the current is closed and 






Fio. 75. Secondary pulsation effected by nerve. 

opened. This is an apparent exception to the law of the 
isolated transmission of the excitement (cf, p. 117); but 
actually the excitement has not passed from the irritated 
fibres to the adjacent fibres, but the electrotonic current of 
the one fibre has flowed through the neighbouring fibres and 
has independently irritated them. 



14. Paeelectronomy (p. 237). 

The real causes of parelectronomy and the conditions 
under which it is more or less strongly developed, are as yet 
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far from being understood. But at iiny rate it is iii]]io<ifiible 
to conceive the matter, ae thou^Ii the eurreutless coudition of 
the muscles— that is to say, the same tension on the lon^- 
tndinal and tittnaveree sections — were normal, imd as if every 
negativeueas on the transverse Bection were the result of 
injury. For all possible degrees at parelectronomy are to ba 
found— even the reversed order, in whith the cross-section is 
more positive than the loDgitudina! sectjon^in uniujui'ed 
muscles ; whilo in other cnsea tJie ordinary muscle-current 
ia found powerfully developed in quite uninjured mnscles. 
Moreover, as we have stated in the text, the question whether 
differences of electric tension occur in nuinjurod muscle has 
no bearing on the question whether electromotive forces are 
present within the muscle. We declai'e ourselves in favour 
of this hypothesis, because it moat simply and easily explains 
all the phenomena. We also apply it to structures on 
the outer surface of wiiieh it can he proved with certainty 
that no differences of tension are preEont, as in the electric 
plates of fishes. For this assumption wo have the same 
grounds on which physicists rely in claiming the exL-tenceof 
molecular magnets in every, even quite unmagnetic piece of 
iron. Whatever, therefore, may he the true explanation of 
parelectronomy, it cannot essentially affect our well-founded 
conception of the electric forces of muscles. If, however, 
du Bois-Iieyniond's supposition Is confirmed, that the pulsa- 
tions which occur during life leave behind them an aftfii^ 
effect on the muscle^uds, which makes the latter less ama- 
tive, some approach wou'd he made to an exptanntiou of the 

,,1, 



15. Dischahgk Hypothesis and Isolatgo Tbassiusbiok 
IN THE Ukkve-Fibelb (p. 249). 
The explanation of the fact that tlie processes of ex- 
citement remain isolated iu a nerve-fibre without passing 
into adjacent nei-ve-fibres, appears the more inexplicable, if 
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we regard these processes as electric, in that the separate 
fibres are not electrically isolated from each other. But 
the explanation which we gave of the isolated excitement of 
but one muscle-fibre by a variation of the electric current in 
the appropriate nerve, also explains isolated transmission in 
the nerve-fibres. For if the electrically active parts are 
very small, comparatively powerful electric action can take 
place in them, and yet the current may be quite unobserv- 
able at a little distance. This is a consequence of the law 
of the distribution of currents in iiTegular conductors, 
explained in chapter x. § 2. We must, therefore, assume 
that the electrically active particles situated in the axis of 
a nerve-fibre are small in comparison with the diameter of 
the fibre, and that therefore their effect at the outer surface 
of the fibre is already so weak that it cannot act and cause 
irritation in an adjacent fibre. In Note 13 we have seen 
that no action takes place by negative variation from one 
fibre on an adjacent fibre. Our multipliers are much more 
sensitive than nerve-fibres, so that the separate negative 
variations during the tetanisation of the nerve can combine 
their action on the multiplier ; but this is impossible in the 
case of the excitement of nerve-fibres. 
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the negative variation in the 
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within the nerve-fibre, 110, 114, 
129, 287 
Reaction in muscles, 87 
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Strauss, 290 
Striated muscle, 11^ seq. 
Sugar, 73, 80, 86 
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Temperature, influence of, on 

muscles and nerves, 86, 124 
Tench, 101 
Tension, electric, 168, 171, 229, 

311 
Tension-curves, 179, 190 
Tension, differences of, 182, 31 1 
Tension-lines, 179, 190 
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Terminal apparatus of nerves, 

262, 267 
Tetanus, 34, 37, 41, 109, 300; 

secondary, 211, 314 
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Thermo-electricity, 74 
TiEGEL, 300, 309 
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Will, 270, 290 ; deflection of 
magnetic needle by, 205 

Woodcutters, Tyrolese, 85 

Work accomplished by the 
muscle, 37, 38, 72, 76, 296 
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